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THE  ELECTROMOTIVE  FORCE  OF  IRON  UNDER  VARYING 

CONDITIONS,  AND  THE  EFFECT  OF 
OCCLUDED  HYDROGEN. 


The  topics  named  in  the  title  of  this  paper  are  of  great  practical  import- 
ance, as  well  as. of  great  interest  from  the  theoretical  point  of  view.  The 
rate  of  rusting  and  the  change  of  properties  caused  by  the  occlusion  of 
hydrogen  are  essential  factors  in  determining  the  permanence  and  strength 
of  most  modem  buildings,  bridges,  and  underground  pipes.  For  this  reason 
the  literature  which  has  already  accumulated  upon  the  subject  has  grown 
almost  to  the  dimensions  of  a  library  in  itself.  The  theoretical  side  of 
the  matter  also  is  of  great  interest.  The  cause  of  the  sudden  diminution 
of  activity  produced  in  iron  under  certain  well-known  circumstances  has  not 
yet  found  its  definitive  explanation,  and  the  mechanism  of  the  occlusion  of 
hydrogen  by  a  solid  so  tenacious  and  compact  as  iron  is  a  theoretical  ques- 
tion of  no  small  interest. 

Phenomena  relating  to  these  topics  are  considered  together  in  this  paper, 
because  the  method  of  investigation  furnished  evidence  with  regard  to  both. 
The  matter  was  considered  rather  from  the  theoretical  than  the  practical 
standpoint.  The  method  was  the  determination  of  the  electromotive  force 
of  iron,  after  subjection  to  a  great  variety  of  changing  conditions,  on  immer- 
sion in  a  solution  of  one  of  its  salts,  in  order  by  comparison  of  these  different 
values  of  electromotive  force  to  draw  inference  concerning  the  state  of  the 
metal  and  its  occluded  gas. 

The  object  of  the  research,  as  originally  planned,  was  to  add  to  the  experi- 
mental evidence  concerning  the  significance  of  changing  atomic  volume,  and 
it  was  proposed  to  discover  whether  or  not  changes  in  free  energy  were 
associated  with  changes  of  density  and  of  other  properties  of  the  solid. 
During  the  progress  of  the  work  it  was  found  that  this  matter  could  not  be 
satisfactorily  studied  without  studying  the  properties  of  occluded  hydrogen, 
because,  in  spite  of  the  great  volume  of  literature  upon  the  subject,  certain 
important  questions  seemed  to  have  remained  hitherto  almost  untouched. 
Lack  of  time  has  as  yet  prevented  the  completion  of  the  program ;  but  the 
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present  results,  although  only  a  part  of  the  whole  plan,  are  reasonably  com- 
plete in  themselves,  and  therefore  worthy  of  separate  publication.  The 
subject  will  be  taken  up  again  in  the  near  future. 

For  the  sake  of  clearness  and  convenience,  the  present  paper  will  be 
divided  into  two  parts,  entitled :  Part  I.  "  The  Electromotive  Force  of  Pure 
Iron  under  Varying  Conditions ; "  Part  II.  "  The  Electromotive  Force  of 
Iron  Containing  Occluded  Hydrogen." 


PART  I.    THE  ELECTROMOTIVE  FORCE  OF  PURE  IRON 

UNDER  VARYING  CONDITIONS. 


When  in  a  definite  state  of  internal  equilibrium,  the  electromotive  force  of 
a  metal  immersed  as  a  reversible  electrode  in  a  definite  solution  of  one  of  its 
salts  must  have  a  perfectly  definite  value  under  given  conditions.  A  change 
in  the  internal  state  must  of  necessity  change  this  electromotive  force,  unless 
the  temperature  happens  to  be  exactly  at  the  transition  point  For  this 
reason  it  seemed  not  improbable  that  the  measurement  of  the  electromotive 
force  of  iron  which  had  been  subjected  to  great  stress  would  afford  the  most 
convenient  method  of  determining  whether  or  not  this  stress  had  affected  a 
permanent  alteration  in  the  internal  equilibrium  of  the  metal,  a  "  permanent 
set,"  as  it  is  sometimes  called,  or  an  extraordinary  condition  of  metastable 
equilibrium. 

A  solid  may  be  subjected  to  a  variety  of  stresses.  The  first  which  it 
seemed  desirable  to  study  was  direct  pressure,  in  order  to  determine  if  this 
pressure,  by  causing  closer  internal  structure,  diminishes  the  outward  or 
dissolving  tendency  as  measured  by  electromotive  force,  or  if,  on  the  other 
hand,  the  substance,  when  released  from  the  pressure,  returns  at  once  to 
essentially  the  state  in  which  it  was  before  the  pressure  was  applied.  Experi- 
ment alone  could  decide  between  these  alternatives. 

It  was  desirable  also  to  test  the  possibly  opposite  effect  of  a  negative 
pressure,  a  distending  tendency,  such  as  the  effect  of  stretching  a  wire  to 
the  breaking-point.  This  effect  was  also  made  the  subject  of  experiments 
recorded  below. 

During  these  tests  it  was  found  that  the  temperature  used  in  the  reduction 
of  the  iron  from  its  oxide  caused  a  very  important  effect  on  the  dissolving 
tendency,  and  therefore  this  matter  also  had  to  be  considered  in  a  special 
series  of  experiments. 

PREPARATION  OF  MATERIAL. 

In  any  research  with  iron  it  is  of  primary  importance  that  the  substance 
experimented  upon  should  be  pure — free  from  carbon,  silicon,  sulphur, 
phosphorus,  manganese,  and,  as  the  following  work  testifies,  from  hydrogen 
also. 
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Most  of  the  iron  used  in  this  research  was  prepared  by  a  method  which 
had  been  found  in  an  exhaustive  investigation  of  the  atomic  weight  of  the 
metal  to  yield  good  results/  It  is  true  that  not  quite  all  the  steps  were  used 
in  the  present  work,  but  the  more  essential  ones  were  retained,  and  a  very 
pure  sample  of  the  metal  was  prepared.  "  Piano "  wire  of  good  quality 
served  as  the  original  substance;  it  was  carefully  sandpapered  and  wiped, 
and  dissolved  in  dilute  nitric  acid.  Concentrated  acid  was  first  used,  but  this 
oxidized  the  silicon  to  silicic  acid,  and  filtration  from  the  silicon  itself  (or 
silicide  of  iron,  SiFca),*  which  the  dilute  acid  leaves  unchanged,  was  con- 
sidered more  safe,  besides  being  more  convenient.  All  iron  carbide  or 
graphite  is  either  completely  oxidized  or  else  is  unchanged  and  filtered  out 
The  dilute  acid  also  lessens  the  chances  of  any  sulphur  being  oxidized  to 
sulphate. 

The  nitrate  formed  was  then  concentrated  and  recrystallized  three  or  four 
times.  Recrystallization  is  here  a  peculiarly  good  method  of  purification, 
because  the  ferric  nitrate  has  an  unusual  crystal  form ;  therefore  most  im- 
purities can  only  be  held  mechanically.*  The  recrystallized  salt  was  then 
heated  in  a  platinum  dish  at  a  moderate  temperature  in  an  electric  oven. 
The  nitric  acid  was  partly  driven  off  and  the  dry,  dark-red  basic  nitrate  was 
then  powdered  in  a  Hempel  steel  mortar*  and  heated  to  full  redness  to 
complete  the  denitration.  It  is  important  that  this  operation  be  carried  out 
in  steps  as  described,  because  in  this  way  a  fine,  spongy  powder  is  obtained 
which  allows  of  perfect  reduction.  If  denitrated  too  quickly  by  too  high  a 
temperature  the  oxide  obtained  is  exceedingly  hard  and  the  powder  con- 
sists of  very  compact  particles,  in  which  the  complete  reduction  of  the  core 
is  more  or  less  uncertain  and  decidedly  less  rapid. 

The  oxide  so  produced  was  reduced  in  a  stream  of  electrolytic  hydrogen  * 
in  an  unglazed  porcelain  boat  *  set  in  a  hard  glass  combustion-tube  when  a 
low-temperature  reduction  was  desired,  or  in  a  large  glazed  porcelain  tube ' 
in  a  gas-furnace  when  a  higher  temperature  was  used. 

'Richards  and  Baxter,  Z.  f.  anorg.  ch.,  23,  245  (1900) ;  Proc  Amer.  Acad.,  35,  253 
(1900). 
'Lebeau,  Bull.  Soc  Chim.,  Paris,  (3)  27,  39-42  (1902);  Ann.  Chim.  Phys.  (7),  26, 

5-31  (1902). 

•T.  W.  Richards,  Zcitschr.  f.  phys.  Chcm.,  46,  189  (1903). 

*W.  Hempel,  Z.  f.  ang.  Chem.  14,  843  (1901). 

'The  generators  used  were  zinc  amalgam,  dilute  hydrochloric  acid,  platinum  cells, 
and  were  of  the  convenient  form  used  by  Cooke  and  Richards,  Proc.  Amer.  Acad.  23, 
168  (1887).  The  hydrogen  was  twice  washed  in  strong  caustic  solution  and  dried 
by  passing  through  two  caustic  potash  towers. 

*  Unglazed,  because  at  the  high  temperature  used  the  glaze  frequently  fused  with 
the  iron. 

^  Hempel  water-cooled  stoppers  were  used  in  the  porcelain  tube. 
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The  iron  from  these  reductions  was  of  a  gray  color  and  of  a  porous  struc- 
ture. A  piece  of  it  could  usually  be  broken  with  ease  between  the  fingers 
and  rubbed  to  powder.  This  consistency  was  of  course  due  to  its  mode  of 
preparation,  the  powdered  oxide  having  been  simply  pressed  into  the  boats 
and  the  temperature  having  been  only  high  enough  to  cause  slight  cohesion 
between  the  particles,  not  to  fuse  the  mass. 

The  cohesion  of  the  particles  varied  considerably  with  the  temperature  at 
which  the  reduction  was  carried  on,  a  product  reduced  at  600**  having  no 
cohesion  at  all,  while  one  heated  to  about  1,100^  for  some  time  could  be 
broken  only  with  some  difficulty.  The  color  also  varied,  owing  to  the  differ- 
ence in  degree  of  subdivision,  from  almost  black  to  a  clear,  silvery  gray. 

A  convenient  index  of  complete  reduction  was  the  absence  of  any  trace 
of  black  oxide  in  the  cooler  portions  of  the  boat ;  for  water  formed  in  the 
hotter  places  is  decomposed  in  the  somewhat  cooler  ones,  and  if  the  reduc- 
tion is  not  complete  water  is  of  course  present.  Ordinarily,  the  reduction 
was  carried  out  by  heating  the  substance  in  a  rapid  stream  of  hydrogen  for 
three  or  four  hours  with  a  Bunsen  burner,  and  then  for  about  half  an  hour 
at  the  highest  temperature  of  the  blast  lamp.  Such  iron  showed  not  the 
slightest  trace  of  black  oxide,  even  when  finely  powdered  in  a  mortar.  After 
heating  the  iron  remained  in  a  continuous  stream  of  dry  hydrogen  tmtil 
quite  cold,  and  was  then  transferred  for  preservation  to  a  good  desiccator 
containing  finely  divided  fused  caustic  potash.  No  trace  of  oxidation  was 
ever  visible  on  iron  thus  preserved;  but,  as  will  be  explained  later,  the 
electromotive  force  measurements  gave  dear  evidence  that  an  exceedingly 
thin  coating  of  oxide  or  adsorbed  oxygen  had  been  formed,  and  therefore, 
for  the  more  accurate  experiments,  small  boat-loads  of  pieces  about  the  size 
of  peas  were  reduced  a  second  time  and  sealed  in  hydrogen  until  just  before 
using,  thus  avoiding  the  possibility  of  oxidation.  Whenever  this  specially 
sealed  iron  is  used  in  the  experiments  below  the  fact  is  mentioned.  The 
sealing  was  done  as  follows :  A  hard  glass  tube  was  drawn  out  in  several 
places,  having  between  each  contracted  place  a  boat  containing  porous  iron. 
Three  or  four  such  boats  in  series  were  laid  in  a  combustion  furnace,  and 
after  reduction  the  boats  were  sealed  off  by  drawing  out  the  contracted  places. 

All  this  iron  undoubtedly  contained  hydrogen  in  greater  or  less  amounts. 
Although,  as  Baxter'  has  shown,  the  weight  of  hydrogen  retained  by  pure 
iron  ignited  at  a  high  temperature  is  inconsiderable,  some  of  the  other 
properties  of  the  occluded  gas  are  more  important,  as  will  be  seen.  Most 
of  the  hydrogen  can  be  expelled  by  heating  for  a  long  time  in  vacuum,  or 
by  standing  for  a  long  time  in  dry  air;  but  in  order  to  drive  out  the  last 
traces  fusion  in  vacuum  is  necessary. 

'Baxter,  Am.  Chem.  Joum.,  22,  363  (iBgg). 
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METHOD  OF  MEASUREMENT. 

The  solution-tension  of  the  iron  was  measured  as  its  electromotive  force 
in  a  normal  solution  of  ferrous  salt,  in  this  case  ferrous  sulphate.  The 
sulphate  icxi  is  desirable  here,  since  it  is  neutral  as  regards  passivity  phe- 
nomena, having  neither  passivizing  nor  activizing  effect*  The  voltage  of 
the  cell  Fe,  nFeS04,  n/ioKQ,  HgQ,  Hg,  was  measured  by  the  well- 
known  compensation  method  of  Poggendorff.* 

A  d'Arsonval  galvanometer  served  as  zero  instrument,  being  sensitive  to 
O.OOI  volt  with  the  resistance  used.  A  Helmholtz  cell  was  used  as  a  standard 
of  comparison.  Its  exact  value  was  0.993  international  volt,  as  determined 
by  a  comparison  with  carefully  prepared  cadmium  normal  elements.  These 
agreed  accurately  among  themselves,  and  were  assumed  tx>  possess  at 
21.50^  C.  the  value  1.0185  volts.  They  agreed  also  with  the  standards  of 
the  Jefferson  Physical  Laboratory. 

As  a  standard  electrode  the  mercury-calomel-potassium  chloride  electrode 
first  suggested  by  Ostwald^  was  considered  the  best  for  the  reasons  he  so 
convincingly  puts  forward  in  his  argument  with  Wilsmore."  In  the  present 
research  tenth  normal  instead  of  normal  potassium  chloride  was  usually 
used  as  the  electrolyte.  All  values  of  electromotive  force  are  given  for  the 
whole  cell,  Fe,  FeS04,  KQ,  HgQ,  Hg,  a  definite  measurable  quantity, 
instead  of  for  the  single  potential  difference  Fe,  FeS04,  because  of  the  uncer- 
tainty as  to  the  absolute  value  of  the  decinormal  electrode.  If  0.56  volt  is 
supposed  to  be  the  value  of  the  normal  calomel  electrode,  the  value  0.612 
volt  for  the  tenth-normal  electrode  should  be  used,  as  recentiy  determined 
by  Sauer"  and  verified  by  us.  Subtracting  this  from  the  values  given,  a 
value  comparable  to  the  commonly  accepted  values  of  single  potential  differ- 
ences will  be  obtained. 

A  special  arrangement  of  the  decinormal  electrode  was  adopted,  in  order 
to  prevent  its  contamination  with  iron.  To  the  connecting-tube,  used  for 
immersion  in  the  ferrous  sulphate  cell,  was  attached  above  a  siphon-inlet 
from  a  large  bottie  of  decinormal  potassium  chloride  on  the  shelf  above. 
The  fact  that  it  was  possible  to  wash  out  the  tube  of  the  decinormal  elec- 
trode by  means  of  this  fresh  solution  removed  the  possibility  of  variation 
through  the  backward  diffusion  of  normal  ferrous  sulphate  or  other  electro- 

'Sackur,  Z.  f.  Electrochem.,  10,  843  (1904). 
**  Ostwald-Luther,  Physico-Chemische  Messungen,  p.  367. 
"^Lchrbuch,  2,  945  (1893). 

"Z.  f.  Physik.,  ch.  35,  333  (1900) ;  ibid.,  36,  91  (1901). 

"Z.  f.  Physik.,  ch.  47,  184  (1904).    That  is.  N/io  electrode  =  a6i2  volt  if  the  N/i 
electrode  is  called  0.560  volt 
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lyte.  By  means  of  this  arrangement  one  such  electrode  lasted  through  a 
whole  seas<m  and  at  the  end  of  that  time  gave  no  test  for  iron  in  the  cell 
itself.  Thus  the  uncertainty  of  this  possible  error  is  removed  and  the 
nuisance  of  rq>eated  renewal  of  the  electrode  done  away  with.  The  arrange- 
ment is  shown  on  the  left-hand  side  of  figure  i. 

The  usual  arrangement  of  the  iron  and  of  the  cell  was  as  shown  in  figure  i, 
and  oa  a  larger  scale  in  figure  2.    The  sample,  about  half  the  size  of  a  pea. 


was  inserted  in  a  running  noose  of  platinum  wire,  the  end  of  which  projected 
throu^^  a  fine  hole  in  a  cork  stof^r.  The  noose  was  then  pulled  tight, 
drawing  the  sample  a^inst  the  cork,  and  the  wire  was  fastened  by  winding 
around  the  shank  of  an  iron  tack  on  tiic  other  side  of  the  cork.  The  cork 
was  fitted  into  one  end  of  a  glass  tube  and  carefully  sealed  with  molten 
paraffin.    The  tube  was  filled  with  normal   ferrous  sulphate  solution  by 
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means  of  a  siphon  from  the  reservoir,  and  an  inverted  (J-tube  and  stopper 
were  inserted  in  the  top  to  make  connection  with  an  open  test-tube  contain- 
ing ferrous  sulphate  festened  alongside  by  means  of  a  rubber  band.  In  this 
way  the  iron  was  kept  for  some  time  safe  from  oxidaticHi,  yet  always  open 
to  measurement.  The  arrangement  is  illustrated  in  f^re  2.  When  the 
end  of  the  tube  of  the  dednormal  electrode  (C  in  figure  2)  was  dipped  into 
this  test-tube  full  of  ferrous  sulphate,  the  cell  was  complete  and  ready  for 
measurement    A  large  number  of  "  iron  electrodes  "  could  be  placed  around 
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the  sides  of  the  thermostat,  all  attached  to  one  wire,  and  the  change  of  con- 
nection from  one  cell  to  another  was  made  by  simply  lifting  the  iron  stand 
to  which  the  decinormal  electrode  was  attached  and  dipping  the  end  of  the 
standard  electrode's  tube  into  the  next  test-tube.  Thus  a  lai^  number  of 
measurements  could  be  taken  with  a  minimum  expenditure  of  time  and 
trouble,  a  very  necessary  matter  in  an  investigation  involving  thousands  of 
measurements.  The  thermostat,  electrically  regulated  and  heated,  in  which 
the  electrode  was  immersed,  was  kept  at  20.0°  C    The  normal  ferrous 
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sulphate  used  was  prepared  by  dissolving  almost  the  necessary  amount  of 
pure  crystals  in  a  quantity  of  water,  adding  a  small  measured  amount  of 
sulphuric  acid,  and  making  up  to  a  liter.  Then  pieces  of  piano  wire,  care- 
fully cleaned,  were  added.  The  acid  acting  on  the  iron  thoroughly  reduced 
the  solution,  the  amount  of  the  acid  having  been  so  chosen  that  just  the 
necessary  amount  of  iron  dissolved  to  make  the  solution  normal.  Several 
months  were  needed  to  remove  the  last  traces  of  acid — an  essential  condition. 
The  flask  was  connected  with  an  automatic  hydrogen  generator  whose  cock 
was  always  open,  and  when  liquid  was  withdrawn  through  the  siphon 
hydrogen  took  its  place.  This  also  is  represented  in  figure  i.  Thus  after 
having  once  prepared  the  solution,  it  could  be  kept  indefinitely,  perfectly 
constant  and  always  at  hand. 

THE  EFFECT  OF  PRESSURE. 

In  the  following  work  the  term  "  porous  iron  "  will  be  used  for  the  sake 
of  brevity  to  designate  the  iron  which  had  been  reduced  from  oxide  in  the 
manner  described  on  pages  6  and  7. 

The  results  of  a  series  of  preliminary  experiments  with  this  porous  iron 
are  given  in  table  i. 

The  first  two  were  made  with  samples  which  had  merely  suffered  exposure 
to  air.  The  next  four  had  received  further  treatment,  having  been  put 
into  a  small  iron  mortar  such  as  is  used  in  powdering  rocks,  and  beaten  with 
a  heavy  hammer.  Under  this  treatment  the  friable,  porous  iron  became 
compact  and  gained  a  shining  metallic  surface.  The  electromotive  forces 
of  these  samples  were  then  measured  after  immersion  in  normal  ferrous 
sulphate.  The  cracked  and  powdered  edges  of  numbers  2  and  3  were 
covered  with  shellac,  so  that  only  the  smooth  metallic  surface  was  exposed 
to  the  solution. 


Table  i. — Preliminary  experiments — Electromotive  force  of  iron  against 

dednormal  electrode. 


Time 

elapsed 

afler 

immenion. 

Bunplel, 

porous 

lion. 

Sample  2, 

porous 

iron. 

Samples, 

beaten 

iron. 

Sample  4, 

beaten 

iron. 

Sample  B, 

beaten 

iron. 

Sample  6, 

beaten 

iron. 

Mlnnte. 

1 

3 

4 

30 

55 

240 

Volt. 

'6.754 
0.780 

'6*861 

Volt. 

*6!755 
0.774 

*6!769 

Volt. 

'6. '674 

6.734 
0.787 

Volt. 
0.704 

'6.'736 
0.728 

Volt. 
0.055 

'6.*674 
0.674 

Volt. 

0.655 
0.685 

6.788 
0.786 
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A  glance  at  the  table  shows  that  the  beating  had  made  considerable  dif- 
ference in  the  electromotive  force  of  the  iron  in  every  sample  which  had 
been  beaten.  It  will  be  shown  later,  however,  that  this  difference  was  due 
not  to  the  compression,  but  to  another  effect  of  the  treatment. 

This  effect  was  soon  found  to  be  closely  connected  with  another  relation 
to  be  observed  in  the  above  figures ;  namely,  the  fact  that  after  immersion 
the  electromotive  force  of  each  piece  of  iron  begins  at  a  low  point  and  rises, 
attaining  constancy  at  a  maximum  only  after  some  time.  In  order  to  study 
this  phenomenon  more  closely,  six  other  small  pieces  were  immersed  in  the 
solution  and  readings  of  the  electromotive  forces  taken  at  short  intervals. 
The  numerical  results  are  given  in  table  2. 

Because  it  was  evident  that  the  electromotive  force  continued  to  rise  slowly 
for  a  very  long  time,  four  of  these  pieces  were  carefully  sealed  up  with 
paraffin  immediately  after  immersion  in  order  to  prevent  oxidation.  This 
was  done  in  order  to  determine  the  electromotive  force  of  the  final  equi- 
librium. After  three  days  No.  9  and  No.  10  were  opened  and  measured; 
and  after  five  days  No.  11  and  No.  12. 


Table  2. — The  increase  of  electromotive  force  with  time — Iron  electrode 

against  decinormal  electrode. 


Time  elapsed 

after 
immeraion. 

Sample  7. 

Samples. 

Sample  9. 

Sample  10. 

Sample  11. 

Sample  12. 

Volt. 

Volt. 

Volt. 

Volt. 

Volt. 

Volt. 

Oh    2» 

0.590 

0.690 

0      3.76 

0.645 

0.745 

0     6 

0.685 

0.764 

0    18 

0.714 

0.774 

0    50 

0.749 

0.785 

78      0 

0.789 

0.798 

78      0 

0.791 

0.794 

119      0 

0.783 

0.784 

120      0 

0.784 

0.786 

This  was  later  repeated  with  other  samples,  which  gave  similar  results. 
It  should  be  noted  that  after  several  days  a  pale-green  precipitate  of  ferrous 
hydroxide  was  always  found  in  the  tube,  but  this  seemed  to  exercise  no 
considerable  effect  on  the  potential  until  seven  or  eight  days  had  passed  and 
the  amount  had  become  large.  Even  then  by  shaking  the  constant  value  of 
the  potential  was  usually  regained. 

Thus  it  was  obvious  that  spongy  iron  which  has  been  exposed  to  the  air 
always  gives  at  first  an  abnormally  low  electromotive  effect,  which  slowly 
rises.      The  only  reasonable  hypothesis  capable  of  explaining  the  phe- 
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ncnnenoii  seems  to  be  the  conclusion  that  the  exposure  to  the  air  results  in 
the  formation  of  an  exceedingly  thin  coating  of  oxide  or  at  least  of  adsorbed 
oxygen,  and  that  when  this  coating  is  removed,  by  solution  or  reduction, 
the  true  electromotive  force  is  obtained." 

Accordingly,  the  iron  to  be  used  in  the  succeeding  experiments  was  sealed 
in  hydrogen.  The  tubes  were  broken  open  just  before  the  samples  were 
to  be  used,  and  their  electromotive  forces  were  measured  as  soon  as  possible 
afterwards.  In  this  way  the  exposure  to  air  was  as  short  as  possible  and 
the  theory  was  confirmed,  for  they  were  found  to  attain  their  maximum 
values  very  promptly. 

With  these  samples  a  more  careful  study  of  the  effect  of  pressure  was 
begun.  A  number  of  preliminary  experiments  were  made  with  pressures 
produced  by  30,000  and  60,000  pounds.  These  pressures  were  quite  suffi- 
cient to  cause  cold-welding  of  the  particles  of  the  porous  iron,  giving  firm, 
hard  plates  with  bright  metallic  surfaces.  The  area  of  these  surfaces  was 
seldom  more  than  the  half  of  a  square  centimeter,  hence  the  pressures  were 
approximately  30,000  to  60,000  kilograms  per  square  centimeter.  The 
compression  was  done  between  two  smooth  plates  of  steel  in  a  large  testing- 
machine  in  the  Engineering  Department  of  Harvard  University.  The 
pressure  was  great  enough  to  press  the  soft  iron  into  the  steel  plates,  leaving 
distinct  indentations.  The  iron  was  handled  only  with  iron  pincers.  Every- 
thing with  which  it  came  in  contact  was  kept  scrupulously  dean.  The  edges 
of  the  compressed  pieces  being  cracked  and  split,  they  were  embedded  in 
soft  paraffin  before  immersion  in  the  ferrous  sulphate  solution,  leaving 
exposed  for  measurement  only  the  center,  which  had  certainly  borne  the  full 
effect  of  the  pressure. 

It  appeared  that  iron  thus  treated  gave  results  in  no  way  different  from 
the  spongy  pieces  before  compression,  except  that  the  compact  specimens 
were  slower  in  reaching  their  maxima.  When  reached,  these  maxima  were 
essentially  identical  with  those  of  the  porous  specimens. 

Nevertheless,  it  seemed  worth  while  to  carry  the  matter  further.  Through 
the  kindness  of  Lieutenant-Colonel  J.  G.  Butler  in  charge,  it  was  possible 
to  subject  other  portions  of  pure  spongy  iron  to  still  greater  pressure  on  the 
magnificent  testing  machine  at  the  United  States  Arsenal  at  Watertown, 
Massachusetts.  This  machine  is  capable  of  not  only  exerting  a  weight-effect 
of  1,000,000  pounds,  but  of  measuring  with  great  accuracy  the  magnitude 
of  the  effect  it  exerts.    Two  special  blocks  were  made  between  which  to 


^This  experience,  and  the  conclusion  derived  from  it,  agrees  with  that  of  Mutti- 
mann  and  Fraunberger  (Sitzber.  Akad  der  Wiss.  Munchen,  34,  201)  (1904).  Their 
investigation  was  published  after  this  part  of  our  research  had  been  completed,  and 
was  wholly  independent 
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compress  the  iron.  In  order  to  resist  such  enormous  pressures  they  were 
made  of  the  very  finest  tool  steel,  and  after  the  lathe-work  was  finished  they 
were  quenched  to  a  condition  of  maximum  hardness.  They  were  frustra 
of  cones,  the  diameters  of  the  bases  being  about  i6  cm.  and  those  of  the 
tops,  between  which  the  iron  was  compressed,  about  3  cm.  Their  heights 
were  about  8  cm.  The  pressures  exerted  were  500,000  pounds  and  700,000 
pounds.  Exactly  how  much  of  this  pressure  bore  on  the  iron  test-piece  it 
is  impossible  to  say,  for  the  soft  iron  was  pressed  so  deeply  into  the  hard 
steel  that  there  was  some  possibility  of  the  whole  top  surface  (7  sq.  cm.) 
receiving  part  of  the  pressure.  On  the  other  hand,  if,  as  is  probable,  the 
test-piece  alone  bore  the  stress,  the  maximum  pressure  was  at  least  350,000 
kilograms  per  sq.  cm.,  for  the  surface  of  the  soft  iron  was  never  i  sq.  cm. 

In  order  to  make  more  striking  any  differences  which  might  result  from 
these  pressures,  samples  13  and  14  had  each  been  broken  in  two,  and  one 
piece  of  each  was  kept  in  a  spongy  condition,  in  order  to  compare  with  the 
other  compressed  one.  Thus  it  was  certain  that  all  treatment  previous  to 
measurement"  had  been  precisely  the  same,  except  for  this  one  matter  of 
compression.    Other  pieces  of  porous  iron  gave  essentially  the  same  results. 

As  in  the  previous  experiments,  the  edges  of  the  compressed  iron  were 
protected  with  paraffin,  so  that  the  exposed  surface  should  be  that  alone 
which  had  been  compressed. 


Table  3. — The  effect  of  previous  compression  on  the  electromotive  force — 

Iron  electrode  against  decinormal  electrode. 


Time 
elapsed 
after 
immer- 
sion. 

Sample 

18. 
porous. 

Sample  18 

after 

subjection 

to 

sfiaoooker. 

pressure. 

Sample 

14, 
porous. 

Sample  14 

after 
subjection 

to 
860«000k«r. 
pressure. 

Sample  15 

after 

subjection 

to 

860,000  ker. 

pressure. 

Sample  16 

after 

subjection 

to 

860,000  ker. 

pressure. 

Qh  iim 

0    28 

6      0 

21      0 

Volt. 

0.781 
0.780 

Volt. 

o!755 
0.781 
0.782 

Volt. 

'6.786 
0.787 
0.787 

Volt. 
0.781 

6!77() 
0.782 

Volt. 

6!  744 
0.788 
0.788 

Volt. 
0.722 

'6.756 
0.761 

The  results  with  samples  13  to  15,  inclusive,  lead  to  the  conclusion  that  no 
permanent  change  in  free  energy  had  resulted  from  the  compression.  They 
are  exactly  similar  to  those  obtained  with  the  lower  pressures.  The  appar- 
ently contradictory  result  of  sample  16  will  be  shortly  explained. 

As  a  step  toward  this  explanation,  it  is  necessary  to  call  attention  once 


"  Including  the  temperature  to  which  it  had  been  exposed,  the  importance  of  which 
will  shortly  be  pointed  out 
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more  to  the  fact  that  the  compressed  pieces  at  first  yielded  too  low  an 
electromotive  force,  although  the  value  afterwards  rose  to  equal  that  of  the 
uncompressed  pieces.  An  explanation  for  these  low  values  is  to  be  found 
in  the  idea  already  mentioned  on  page  13,  there  advanced  to  explain  the  lag 
of  porous  iron  which  had  been  kept  for  some  time  in  a  desiccator.  It  is 
that  an  exceedingly  thin  coating  of  oxide  is  formed  on  the  iron  by  exposure 
to  the  air  and  thus  the  true  electromotive  force  is  masked  until  this  coating 
is  dissolved.  Most  of  the  samples  of  porous  iron  had  been  kept  a  whole 
day  in  a  desiccator  after  reduction  before  immersion,  while  sample  14  in 
table  3  had  been  kept  only  three  hours.  The  difference  in  the  speed  of 
attaining  the  maximum  value  is  very  marked.  This  theory  not  only  ^eems 
to  account  for  the  effect  of  long  exposure  to  air,  but  also  offers  a  simple 
explanaticHi  for  the  slightly  lower  initial  potential  of  the  compressed  samples. 
The  length  of  time  during  which  the  compressed  pieces  were  exposed  to 
the  air  before  measurement  was  exactly  the  same  as  that  of  the  parallel 
porous  ones,  but  the  former  were  inevitably  heated  somewhat  in  the  act  of 
compression,  and  thus  an  oxide  coating  might  well  have  been  formed  which 
would  equal  in  effect  one  of  long,  slow  formation  in  a  desiccator.  The 
theory  probably  also  offers  the  most  satisfactory  explanation  of  the  exag- 
gerated deficiency  exhibited  by  No.  16  in  table  3.  The  blocks  between 
which  No.  16  was  compressed  had  been  three  times  subjected  to  such  enor- 
mous pressures  that  they  were  beginning  to  fail,  and  this  fourth  and  last 
time  the  blocks  split  with  bright  sparks  and  loud  reports,  and  threw  small 
pieces  in  all  directions.  Under  such  treatment  the  blocks  undoubtedly 
became  warm,  and  it  is  quite  to  be  expected  that  this  last  sample  should 
possess  the  heaviest  and  firmest  coating  of  oxide. 

Thus  it  is  fairly  safe  to  conclude  that  even  such  enormous  pressures  as 
300,000  kilograms  per  square  centimeter  produce  no  permanent  change  of 
free  energy  in  iron. 

It  is  interesting  to  compare  this  constancy  with  the  behavior  of  other 
properties  of  metals  on  subjection  to  g^eat  stress.  Since  this  work  was 
done.  Dr.  StuU  and  one  of  us  has  found,  in  the  work  already  referred  to, 
that  after  subjection  to  pressures  up  to  500  atmospheres  all  of  thirty-odd 
elements  examined  regain  precisely  the  original  volume.  The  method  used 
is  unique  and  allows  of  the  detection  of  volume  changes  of  0.000,01  milliliter 
in  a  sample  of  10  milliliters. 

After  this  work  was  done  we  became  acquainted  with  two  pertinent 
papers  by  W.  Spring,"  in  which  he  proves  the  same  fact  by  still  another 
method,  the  one,  in  fact,  which  would  most  naturally  be  adopted  if  that 
were  the  main  object  of  the  research,  namely,  the  determining  of  the  spe- 

"•BuU.  Acad.  Roy.  de  Belg.  (3),  6,  509  (1883)  ;  Ibid.  (1903),  p.  1066. 
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cific  gravity  before  and  after  compression.  He  first  submitted  to  pressures 
up  to  10,000  atmospheres  more  than  eighty  solids  of  the  most  diverse  chem- 
ical nature,  and  found  that  powders  weld  together  perfectly  under  pressure, 
as  we  found  with  iron.  In  order  to  do  this,  he  found  it  necessary  to  com* 
press  in  a  vacuum,  because  imprisoned  air  not  only  prevented  contact  of  the 
particles,  but  also  tore  them  apart  again  when  pressure  was  released.  All 
of  his  work  was  performed  with  the  care  which  this  precaution  indicates. 
The  result  of  one  investigation,  entitled  "  L'elastidte  parfaite  des  corps 
chimiquement  definis,''  is  best  given  in  his  own  words : 

La  plupart  des  corps  examines  ont  manifest^  une  petite  augmentation  permanente 
de  density  apres  avoir  subi  une  pression  d'environ  20,000  atmospheres,  mais,  celle-d 
une  fois  r^lis^e,  ils  ont  r^ist6  opionatr^ment  i  toute  diminution  permanente  ultfrieure 
de  leur  volume.  Pour  tous  la  density  a  atteint  bientot  un  maximum.  La  faible  aug- 
mentation de  density  permanente  observe  n'a  cependant  jamais  eu  pour  cause  une 
contraction  r6elle  de  la  mati^e.  Toujours  elle  a  6t6  due  i  Ttoiisement,  par  pression, 
des  cavit6s  existant  d'avance  dans  le  corps  examin6,  ou  bien  i  la  disparition  de  fissures 
plus  ou  moins  6videntes.  En  un  mot,  on  s'est  trouve  en  pr^ence  d'un  fait  aocidentel, 
pouvant  fadlement  amener  une  erreur,  mais  non  d'un  ph^om^e  physique  essentieL 

Thus  the  present  work  on  the  electromotive  force  of  iron  subjected  to 
great  stress  confirms  the  very  different  work  of  Spring  on  densities.  In  so 
far  as  these  data  show  that  when  no  change  of  specific  gravity  is  effected  by 
a  given  application  of  energy,  no  change  in  the  free  energy  of  the  system 
results,  they  support  the  theory  of  compressible  atoms. 

TENSION  EXPERIMENTS. 

Although  it  thus  appears  to  be  impossible  to  produce  permanent  free  energy 
changes  in  pure  iron  through  pressure  alone,  it  appeared  possible  that 
measurements  of  electromotive  force  made  while  the  metal  was  under  tensile 
stress  might  show  varying  values,  because  tension  produces  marked  physical 
changes  in  the  metal.  These  changes  are  as  follows :  ( i )  A  strain  which 
immediately  disappears  on  release  of  the  tension,  inside  the  elastic  limit 

(2)  Beyond  the  elastic  limit  a  permanent  strain,  with  increasing  stress 
needed  to  produce  equal  increment  of  strain,  up  to  the  ultimate  resistance. 

(3)  Beyond  the  ultimate  resistance,  with  ductile  metals,  there  is  a  region 
before  the  actual  break  occurs,  where,  for  increase  of  strain,  decreasing 
stress  is  required,  until  failure  takes  place.  It  seemed  reasonable  to  expect 
that  such  decided  and  sudden  changes  in  the  cohesion  would  be  accompanied 
by  free-energy  changes. 

While  under  stress,  or  after  a  "permanent  set"  has  been  produced  by 
strain  beyond  the  elastic  limit,  the  iron  is  in  unstable  equilibrium.  Sufficient 
proof  that  it  is  so  within  the  elastic  limit  lies  in  the  fact  that  it  returns  of 
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itsdf  to  its  original  dimensions.  Beyond  the  elastic  limit,  the  custom  in 
wire  manufacture,  of  returning  the  wire  perhaps  half  a  dozen  times  to  the 
annealing  pots  to  be  softened,  speaks  for  itself.  By  heating  to  300^  to  400^ 
for  several  hours  "  the  molecular  tension  in  the  wire  caused  by  drawing  " 
is  released."  The  molecules,  given  the  opportunity  through  increased  mo- 
bility at  higher  temperatures,  may  be  supposed  to  return  to  their  normal 
relations  to  each  other  and  plasticity  is  restored  to  the  iron. 

Further  evidence  in  this  direction  is  furnished  by  a  piece  of  work  done  by 
Barus,  entitled  "  The  Energy  Potentialized  in  Permanent  Changes  of  Molec- 
ular Configuration.""  He  pulled  wires  of  various  metals  to  the  point  of 
failure,  determined  their  rise  in  temperature  by  means  of  a  thermopile,  and 
subtracting  the  heat  evolved  from  the  total  work  done  on  the  wires,  obtained 
values  for  the  amounts  of  energy  which  had  become  potential  in  the  metals. 
He  says : 

To  summarize,  it  appears  that  as  much  as  one-half  of  the  work  done  in  stretching 
up  to  the  limit  of  rupture  may  be  stored  up  permanently;  that  the  amount  of  work 
thermally  dissipated  varies  considerably  with  the  metal  acted  upon,  being  very  large, 
for  instance,  in  copper  (75  per  cent)  and  smaller  in  the  case  of  iron  (50  per  cent) ; 
that  in  the  case  of  the  same  given  metal  the  work  is  largely  potentialized  during  in- 
cipient stages  of  strain,  and  very  largely  dissipated  during  final  stages  of  strain.  When 
stress  of  a  given  kind  is  applied  to  different  metals,  the  total  amount  of  energy  which 
can  be  stored  per  unit  section,  per  unit  of  length  up  to  the  limits  of  rupture,  may 
therefore  be  looked  upon  as  a  molecular  constant  of  the  metal. 

In  a  table  he  gives  results  showing  that  in  an  iron  wire  of  0.136  cm. 
diameter,  stretched  almost  to  the  limit  of  rupture,  at  least  2  megergs  per 
centimeter  are  potentialized,  about  the  same  amount  having  been  dissipated  as 
heat.  Knowing  this  value,  it  is  possible  to  calculate  the  maximum  rise  in  elec- 
tromotive force  theoretically  required  by  such  an  increase  in  the  free  energy 
of  the  metal,  supposing  that  all  this  work  were  available  as  free  energy.  The 
general  formula  for  such  a  calculation  is: 

.  WE 

.       , .  ,  9658o»« 

m  which 

W  =  the  work  in  joules  done  per  centimeter  of  the  wire ; 

E  =  the  electrochemical  equivalent  of  the  metal,  in  grams ; 

m  =  the  weight  of  the  metal  per  centimeter  of  wire ;  and 

W  X  E/m  =  the  work  done  per  gram  equivalent  of  the  metal. 

Substituting  values  found  by  Barus,  we  have : 

^jF  =  0432  X  27.95/0.1 1 14  X  1/96580  =  o.ooii  volt 

(The  radius  of  the  wire  was  0.068  cm.  and  its  density  7.68.) 

""Wire,  its  Manufacture  and  Uses,"  J.  B.  Smith,  pp.  30,  54,  and  56. 
*•  Amer.  Joum.  Sd.  (3),  38,  193  (1889) ;  also  U.  S.  Geological  Survey  Bulletin  No. 
94,  p.  loi  (1892). 
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l8  ELECTROMOTIVE  FORCE  OF  IRON  AND  OCCLUDED  HYDROGEN. 

Two  Other  calculations  will  be  g^ven  to  illustrate  more  fully  the  changes 
to  be  expected.  The  data  for  these  were  found  in  a  book**  which  is  still 
quoted  as  an  authority  by  engineers,  although  published  as  long  ago  as  1879. 

In  the  first  of  these  (p.  24)  the  test-pieces  were  taken  "  from  a  bar  of 
remarkably  pure,  refined,  and  uniform  iron."  The  average  of  nine  tests, 
very  tmiform  in  their  results,  gave:  Breaking  stress  per  square  inch,  55489 
potmds;  elongation,  23.9  per  cent.  The  diameters  of  the  test-pieces  were 
0.974  inch.  Calculating  as  before,  we  get  0.0034  volt  as  the  change  to  be 
expected. 

In  the  second  one  the  iron  is  described  as  "  very  soft  and  ductile."  The 
average  of  four  tests  gave :  Stress  per  square  inch,  45,873  pounds ;  elonga- 
tion, 29.7  per  cent.  The  diameters  were  1.000  inch.  These  data  give  0.0035 
volt  as  the  expected  rise. 

The  results  of  all  these  calculations  should  be  divided  by  2,  since  Bams 
showed  that  only  50  per  cent  of  the  work  done  becomes  potential.  These 
calculated  values,  never  exceeding  1.8  millivolts,  represent  the  maximum 
values  for  the  increase  of  potential — ^values  which  may  not  be  actually 
attained,  because  it  is  by  no  means  certain  that  all  the  energy  thus  stored  is 
available  as  free  energy.  Moreover,  the  distribution  of  the  strain  between 
surface  and  interior  is  uncertain.  This  is  indicated  by  the  following  state- 
ment of  Burr :  * 

It  has  been  found  by  experiment  that  bars  of  wrought  iron  which  are  apparently 
precisely  alike  in  every  respect,  except  in  area  of  normal  section,  do  not  give  the 
same  ultimate  tensile  resistance  per  square  inch.  Other  things  being  the  same,  bars 
of  the  smallest  cross  section  give  the  greatest  intensity  of  ultimate  tensile  resistance. 

This  is  due  to  the  fact  that  shearing  strains  increase  with  greater  cross 
section.    And  also,*^ 

If  the  tensile  stress  is  uniformly  distributed  over  each  end  of  the  test-piece,  it  will 
not  be  so  distributed  over  any  other  normal  section.  Since  lateral  contraction  takes 
place,  the  exterior  molecules  of  the  piece  must  move  toward  the  center;  but  if  this 
motion  exists,  the  molecules  in  the  vicinity  of  the  center  must  be  drawn  farther  apart, 
or  suffer  greater  strains,  than  those  near  the  surface.  Hence  the  stress  will  no  longer 
be  uniformly  distributed,  but  the  greatest  intensity  will  exist  at  the  center  and  the  least 
at  the  surface  of  the  piece.  These  effects  will  evidently  increase,  with  a  given  form 
of  cross  section,  with  the  area. 

Smith,"  in  pointing  out  the  strengthening  effect  of  drawing  wire  has  said : 
"In  the  case  of  the  wire  drawn  through  three  holes  the  tenacity  of  the 

'"'Experiments  on  the  strength  of  wrought  iron.''  Report  of  the  Committee  of 
the  United  States  board  appointed  to  test  iron,  steel,  and  other  metals.  Commander 
L.  A.  Beardslee,  U.  S.  N.    Abridged  by  William  Kent    New  York,  1879. 

*  Elasticity  and  resistance  of  the  materials  of  engineering,  p.  218.    New  York,  1903. 

*^Ibid.,  p.  ao6. 

•"Wire,  its  manufacture  and  uses,"  p.  58. 
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metal  was  increased  95  percent  above  tfiat  of  the  btDet ; "  and  Burr  says:" 
"Wire  is  tiie  strongest  form  in  wliicfa  iron  can  be  osed  to  resist  tensile 


It  is  evident,  Aen,  tfiat  by  polling  a  wire  of  small  cross-sectional  area  it  is 
possible  to  exert  the  maxinram  of  stress  on  the  surface  <rf  a  test-piece. 

The  apparatus  (shown  in  figure  4,  page  10)  employed  in  oar  experiments 
was  exceedingly  simple.  The  upper  end  of  the  wire  was  twisted  aroond  an 
iron  support  and  the  poll  was  exerted  by  weights  in  a  badret  attached  to  the 
lower  end.  In  the  middle  the  wire  was  narrowed  at  one  place,  and  tfus  was 
surrounded  by  a  tube  of  normal  ferrous  sulphate  and  connected  widi  a  nor- 
mal calcnnel  dectrode.  The  results  were  at  first  Uglily  irr^^ular.  The 
electromotive  force  of  the  wires  used  (pure  piano  wire  and  pure  soft  iron 
wire)  varied  over  a  range  of  OUO05  ycit  without  apparent  cause.  Merdy 
tapping  the  stretched  wire  sometimes  caused  a  momentary  rise  of  from  Ouops 
to  0.004  ^^^^  Such  electrical  disturbances  from  mrrhaniral  jarring  have 
been  observed  by  von  Hefanhohr.  In  one  case  the  addition  of  5  Idlograms 
to  die  load  caused  a  net  rise  of  about  OjOOOJ  volt  and  the  next  5  brought  it 
down  again  by  the  same  amount,  while  one  mott  brought  it  up  again  by 
oxxx>5. 

Calculating  the  tiieoretical  diange  of  potential,  we  get  OJOO17  volt  for  the 
total  work  done,  and  half  of  diis,  or  oxxx)9  volt,  as  the  diange  to  be  expected 
according  to  Barus.  The  data  fcH-  diis  calculation  are:  Tensile  strength, 
25  kilograms ;  dongation,  9.3  per  cent ;  diameter  of  wire,  0.08  cm. 

Hence  the  aoddental  distuibances  exceeded  the  maximum  theoretical  effect 
and  entirdy  masked  the  latter. 

Only  one  regularity  was  noticeable,  namdy,  that  at  the  instant  at  wUdi 
die  load  was  increased  there  was  a  momentary  drop  in  dectromotive  force. 
Starting  with  no  load  at  all  and  the  potentiometer  reading  0.7145  volt,*  a 
10  1^.  load  was  applied,  and  at  die  same  instant  the  galvanometer  swung 
18  to  ao  divisions  to  die  right,  and  then  instandy  swung  back  again  very 
rapidly  to  the  permanent  reading,  0.7125  volt  Exacdy  bow  mudi  fail  of 
potential  this  swin^  to  the  right  indicates  could  be  determined  only  with  a 
ballistic  galvanometer,  but  it  may  have  been  as  much  as  ox>i5  volt  The 
addition  of  another  kilogram  had  a  similar  effect,  except  that  the  swing  was 
only  12  to  15  divisions  to  the  right  and  it  returned  more  slowly  to  0.7125. 
The  third  10  kg.  caused  a  smaller  swing  still,  and  a  much  slower  return  to 
0.7125.    About  that  value  was  always  reached  after  standing  a  few  minutes. 

*  Elasticity  and  resistance  of  the  materials  of  engineering,  p.  241. 

"This  reading;  being  taken  with  the  help  of  a  normal  calomel  electrode,  must  have 
0052  volt  added  to  it  in  order  to  be  comparable  with  the  other  potentials  recorded  in 
the  paper.  It  thus  becomes  0,766,  the  same  as  before.  The  normal  electrode  has  less 
resistance  and  allows  more  sensitive  readings  than  the  dednormaL 
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The  weights  were  then  added  to  48  kg.,  the  last  ten  still  causing  a  slight 
swing  to  the  right  A  13  kg.  weight  was  then  added  to  the  load,  and  the 
wire  lengthened  rapidly  and  would  have  undoubtedly  broken  had  not  the 
support  stopped  the  basket  The  galvanometer  swung  8.5  divisions  to  the 
left,  indicating  a  rise  of  about  0.004  volt,  and  quickly  swung  back  again. 

These  temporary  changes  and  the  change  in  sign  which  they  undergo 
are  highly  interesting.  The  most  obvious  explanation  of  the  first  effect  of 
diminished  potential  is  to  ascribe  this  to  heating  incidental  to  pulling,  and 
experiment  gave  the  idea  some  support  Heating  the  wire  to  redness  with 
a  small  gas  flame  just  above  the  surface  of  the  liquid  gave  a  somewhat 
variable  electromotive  force,  the  mean  value  being  about  0.015  volt  below 
the  initial  one — ^an  effect  about  like  the  first  effect  noted  above.  When 
cold  the  wire  returned  to  the  initial  value.  This  is  advanced  as  a  suggestion 
rather  than  a  definitive  explanation,  however. 

The  decreasing  temperature  effect  due  to  the  successive  additional  stresses 
may  have  been  due  to  the  larger  percentage  of  storing  as  potential  energy  as 
the  elastic  limit  is  approached — and  the  final  excess  of  potential  may  have 
been  due  to  the  sudden  manifestation  of  this  increased  potential  at  the  point 
of  fracture. 

Nevertheless,  these  conclusions  are  highly  hypothetical.  The  results  do 
not  permit  of  conclusions  broader  or  more  definite  than  these.  On  the  other 
hand,  they  afford  the  opportimity  of  correcting  two  pieces  of  work  which 
have  been  widely  published  and  whose  incorrect  results  have  been  given 
general  credence.  The  subject  is  of  such  great  importance  to  modem 
engineering  that,  naturally  enough,  engineers  were  the  ones  attracted  to  its 
investigation.  M.  P.  Wood,  in  his  book  "  Rustless  Coatings ;  Corrosion  and 
Electrolysis  of  Iron  and  Steel,"  "  tmder  the  heading  *'  Corrosion  Increased 
by  Stress  "  (p.  348),  quotes  three  men  as  entitled  to  a  hearing  on  this  subject. 

The  first  of  these,  Thomas  Andrews,"  carried  out  experiments  far  from 
satisfactory  from  the  electrochemical  point  of  view,  because  he  used  a  solu- 
tion of  common  salt  as  an  electrolyte,  and  prepared  the  two  pieces  of  iron 
for  comparison  in  different  ways.  The  observed  difference  in  potential  is 
quite  as  probably  to  be  ascribed  to  the  oxidation  effect  already  discussed  as 
to  the  effect  of  strain,  although  a  part  of  the  effect  may  have  been  due  to 
strain. 

The  second  paper  quoted  by  Wood  is  ''An  Experimental  Study  of  the 
Corrosion  of  Iron  under  Different  Conditions,"  by  Carl  Hambuechen."    Of 

•  Wiley  &  Sons,  N.  Y.,  1904. 
"Proc  Inst  Civil.  Engia  118,  356-374  (1894). 

"Trans.  Amcr.  Soc  Mechan.  Engin.,  22,  816-821  (1901)  ;  or  Bull.  Univ.  Wisconsin, 
Engin.  Series,  vol.  2,  No.  8,  (1900). 
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tbis  paper  tfie  section  on  "  Corrosion  of  Strained  Metal/'  which  is  the  only 
part  to  be  discussed  here,  is  no  more  conclusive  than  Andrews's  work, 
although  Hambuechen  states  his  conclusions  in  unqualified  terms.  The 
woiic  was  very  carefully  performed  in  every  particular  except  one,  namely, 
die  fact  that  he  chose  ferric  chloride  solution  as  the  electxx>lyte  in  which  to 
measure  tfie  electromotive  force  of  the  iron  test-pieces.  This  unfortunate 
dioice  completely  invalidates  all  the  results.  The  reason  is  very  simple. 
Ferric  chlcnide  is  always  hydrolyzed  to  a  considerable  extent — that  is,  it 
contains  add.  When  such  a  solution  comes  in  contact  with  iron  the  three 
following  reactions  take  place : 

Fe  +  2Fe+^  =  3Fe+*  (or  Fe  +  2Fea,  =  sFeCl,). 

Fe  +  2H*  =  Fc+*  +  H,  (or  2Ha  +  Fe  =  Fed,  +  H,) . 

H  (nascent)  +  Fe*^  =  Fe+*  +  H*  (or  H  +  FeO,  =  FeCl,  +  HQ). 

There  exists,  then,  at  the  electrode  a  continually  changing  concentration  of 
ferric,  ferrous,  and  hydrogen  ions,  and  reliable  work  is  out  of  the  question. 
The  effect  of  all  these  influences  combined  would  cause  the  electromotive 
force  to  change  steadily,  quite  independently  of  any  stress  and  strain  effects. 
The  rate  of  this  change  would  depend  on  such  indeterminate  and  chance  rela- 
tions as  the  area  of  the  iron  surface  to  the  volume  and  the  concentraticm  of 
the  solution,  and  on  the  mechanical  arrangement,  allowing  more  or  less 
rapid  diffusion,  etc  The  following  experiments  are  enough  to  show  this. 
Wires  of  pure  iron  were  cleaned  with  fine  emery  cloth,  carefully  wiped,  and 
simply  immersed  in  a  ferric  chloride  solution."  They  were  under  no  arti- 
ficial strain  of  any  kind  when  measured. 

Table  4. — The  electromotive  force  of  iron  in  ferric  chloride  against  the 

decinormal  electrode. 


PUno  wire  CEO). 

Soft  wire  CU). 

Blapeedtime. 

B.  M.  F. 

Blapeed  time, 

B.  M.  F. 

Volt. 

Volt. 

0>»    0.5" 

0.550 

(P    1« 

0.505 

0      5 

0.5725 

0     5 

0.608 

0    10 

0.576 

0    10 

0.610 

0    80 

0.585 

0   15 

0.610 

0    40 

0.588 

15    55 

0.718 

17      0 

0.748 

16    40 

0.716 

During  the  first  day  hydrogen  was  steadily  evolved  from  both  wires,  but 
the  second  day  this  side  reaction  was  greatly  diminished.  As  is  seen  in  the 
table,  the  electromotive  forces  rose  in  these  cases  respectively  0.192  and  0.123 


Similar  results  were  found  l^  Finkelstein  in  1902.   (Z.  phys.  Chem.,  39,  91). 
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volt  This  rise  would  have  been  ascribed  by  Hambuechen  to  strain.  Further 
experiment  could  add  nothing  to  the  argument.  It  will  be  noticed  that  even 
finally  the  potential  was  very  far  from  the  value  in  ferrous  sulphate,  0.765. 

Hambuechen's  results  are  quite  as  irregular,  as  one  would  infer  from  these 
considerations.  For  example,  the  change  in  electromotive  force,  caused 
supposedly  by  tensile  stress,  varies  in  two  cases  from  0.004  to  0.056  volt,  and 
yet  in  the  former  case  the  load  per  square  inch  was  actually  600  pounds 
greater  than  in  the  latter.  Hambuechen  realized  that  some  of  his  observed 
potentials  were  much  larger  than  were  to  be  expected,  and  therefore  ex- 
plained that  "  One  of  the  assumptions  it  was  necessary  to  make  is  that  the 
stress  equally  affected  the  entire  cross  section,  which  is  by  no  means  the 
case,  for  it  is  the  outside  layer  which  is  affected  the  most  and  would  there- 
fore give  higher  values  of  electromotive  force  than  the  calculated  amounts." 
This  is  exactly  the  opposite  assumption  to  that  demanded  by  the  reasonable 
explanation  of  Burr  already  quoted  (p.  18). 

From  the  theoretical  point  of  view,  the  matter  appears,  then,  to  be  more 
complicated  than  might  be  inferred  from  a  hasty  survey  of  it.  One  can  not 
safely  conclude  that  the  potential  on  the  surface  of  a  wire  is  an  index  of  the 
free-energy  change  in  the  interior  of  the  wire ;  and  one  can  not  assume  that 
the  electrochemical  behavior  of  wire  while  under  stress  is  the  same  as  when 
the  stress  is  removed.  Still  further,  one  can  not  but  believe  that  the  perma- 
nent strain  caused  by  a  stress  (that  is  to  say,  the  energy  potentialized  by  a 
stress)  will  differ  in  the  case  of  impure  iron  from  that  in  the  case  of  pure 
iron.  Moreover,  it  is  by  no  means  certain  that  energy  stored  in  iron  by 
change  of  internal  structure  is  available  as  free  energy. 

Taking  all  these  considerations  together,  and  weighing  also  the  electro- 
chemical defects  in  some  of  the  papers  just  discussed,  it  is  apparent  that 
none  of  these  investigations  furnish  conclusive  evidence  concerning  the 
magnitude  of  the  changes  of  potential  to  be  noticed  on  stretching  a  rod  or 
wire.  It  is  apparent,  moreover,  that  this  change  is  smaller  than  is  usually 
supposed,  although  it  is  probable  that  a  slight  change  of  electromotive  force 
is  caused  by  a  tensile  strain  of  impure  iron. 

Qualitative  evidence  on  this  point  is  furnished  by  a  paper  entitled  *'  The 
Effect  of  Strain  on  the  Rate  of  Solution  of  Steel,"  published  by  Barus  in  the 
Bulletin  94  of  the  U.  S.  Geological  Survey  (p.  61),  already  quoted.  He 
experimented  with  soft  steel,  hard-drawn  steel,  and  the  latter  annealed ;  he 
determined  the  rate  of  solution  by  loss  of  weight,  and  he  concluded  his 
report  as  follows :  "  Summarizing  the  above  results  as  a  whole,  it  follows 
that  the  rate  of  solution  of  drawn  steel  is  greater  than  the  rate  of  the  same 
homogeneous  metal  similarly  circumstanced."    In  applying  the  results  it 


VARYING  THE  TEMPERATURE  OF  IGNITION.  2$ 

should  be  noted  that  steel  alone,  not  pure  iron,  was  experimented  upon ;  that 
any  speed  of  reaction  in  which  two  phases  are  involved  is  complicated  by 
many  disturbing  factors ;  and  that  the  tendency  of  iron  to  occlude  hydrc^^en, 
discussed  in  a  later  section  of  this  paper,  must  have  added  another 
complication." 

Because  our  results  obtained  by  appl3ring  both  compressing  and  distending 
stresses  upon  pure  iron  had  been  chiefly  negative,  indicating  very  slight 
changes  of  free  energy  for  large  stresses,  attention  was  now  directed  to  the 
change  of  the  other  ccmditions  of  experiment,  with  the  hope  of  tracing  to 
these  other  conditions  the  fairly  large  changes  of  electromotive  force  actually 
to  be  observed  in  specimens  of  pure  iron  prepared  in  different  ways. 

THE  EFFECT  OF  VARYING  THE  TEMPERATURE  OF  IGNITION. 

It  will  be  noticed  on  stud3ring  tables  2  and  3  that  the  electromotive  forces 
of  cells  made  from  different  samples  of  iron  which  were  chemically  alike 
varied  between  such  wide  limits  as  0.780  to  0.794  volt,  a  range  far  beyond 
the  limits  of  experimental  error. 

In  tracing  these  differences  back  to  their  ftmdamental  cause,  the  first  due 
was  furnished  by  the  different  degrees  of  cohesion  or  compactness  exhibited 
by  the  several  specimens.  When  the  four  pieces  of  porous  iron,  the  results 
from  which  are  given  in  table  3,  were  removed  from  the  cells  at  the  comple- 
tion of  the  electrochemical  experiments,  they  were  examined  with  regard  to 
their  cohesion  by  the  simple  method  of  resistance  to  pressure  and  to  fracture 
between  the  fingers.  It  was  thus  found  that  No.  2  iron  felt  softest.  No.  3 
the  hardest  and  firmest,  and  Nos.  i  and  4  somewhere  between.  Reference 
to  the  table  shows  that  No.  2  had  the  highest  electromotive  force  and  No.  3 
the  lowest;  hence  a  more  powdery  structure  evidently  went  with  greater 
tendency  to  dissolve.    Repetition  with  other  samples  confirmed  this  view. 

What,  now,  could  be  the  cause  of  this  difference  in  compactness  of  the  dif- 
ferent samples?  It  is  well  known  that  many  substances,  on  being  heated, 
beg^n  to  cohere  at  temperatures  far  below  their  melting-points,  exhibiting 
the  shrinkage  commonly  called  "  sintering."  It  is  also  well  known  that  this 
effect  becomes  more  and  more  noticeable  as  the  melting-point  is  approached. 
Probably,  then,  these  different  samples  had  been  subjected  to  different  tem- 
peratures during  their  reduction.  This  relationship  was  easily  confirmed 
by  further  experiment  Iron  reduced  at  high  temperatures  was  found  to  be 
far  firmer  in  structure  than  that  reduced  at  low  temperatures.  In  order  thus 
to  find  the  highest  potential  attainable  in  this  way,  iron  should  obviously  be 

*In  this  connection  attention  is  called  to  the  interesting  work  of  C.  S.  Burgess  on 
the  effect  of  impurities  on  the  rate  of  solution,  read  at  the  recent  meeting  of  the 
American  Electrochemical  Society,  May,  1906. 
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reduced  at  the  lowest  possible  temperature.  Accordingly  two  samples  were 
prepared,  the  first  being  very  slowly  reduced  at  a  temperature  well  below 
800^.  In  the  second  of  these  reductions  the  temperature  was  measured  by  a 
Le  Chatelier  thermopile  laid  under  the  boat  containing  the  iron,  and  the 
highest  temperature  it  indicated  through  a  reduction  lasting  three  da3rs  was 
615**.  The  iron  in  boat  No.  i  was  of  a  clear  gray  color  in  those  parts  where 
the  temperature  became  highest  and  dark  blackish  gray  on  the  surface.  All 
the  iron  in  boat  No.  2  was  like  the  top  of  boat  No.  i.  Even  the  firmest  iron 
in  boat  No.  i  could  easily  be  crushed  between  the  fingers. 

Two  samples  of  the  light-gray  material  from  boat  No.  i  gave  the  follow- 
ing measurements : 

Table  5. — The  electromotive  force  of  porous  iron  reduced  at  Unv  temperature. 


Sample  SS. 

Sample  28. 

Elapeed  time. 

B.  M.  F. 

Blapeedtime. 

B.  M.  F. 

Oh     8» 

0  80 

1  0 
24       0 
70     10 

Volt. 
0.796 
0.800 
0.798 
0.799 
0.796 

Oh  14« 

1       0 

24       5 

70    40 

92      0 

Volt. 
0.797 
0.797 
0.799 
0.800 
0.800 

These  values  are  somewhat  higher  (0.002  and  0.006  volt)  than  any  ob- 
tained in  previous  work,  and  are  further  evidence  in  favor  of  believing  that 
the  low  temperature  of  reduction  really  causes  a  product  having  a  higher 
potential.  The  contents  of  boat  No.  2  were  found  to  contain  much  hydrogen, 
and  will  be  discussed  later. 

Having  thus  shown  that  iron  reduced  at  low  temperature  may  give  in 
combination  with  the  decinormal  electrode  a  potential  as  high  as  0.800  volt, 
and  that  increasing  temperature  of  reduction  causes  a  steady  decrease  in  this 
value  until  the  metal  prepared  at  perhaps  1,200**  gives  a  value  as  low  as  0.776, 
it  became  a  matter  of  interest  to  discover  if  iron  subjected  to  a  still  higher 
temperature  might  not  give  a  still  lower  value.  The  obvious  subsequent 
step  was  therefore  to  test  iron  which  had  been  fused,  and  accordingly  several 
specimens  of  the  purest  ccwnmercial  iron  (Swedish  bar  iron  and  pure  piano 
wire)  were  tested  in  preliminary  experiments.  The  Swedish  bar  iron  was 
very  pure,  and  soon  reached  a  constant  value.  The  piano  wire  was  less 
regular,  and  hence  was  examined  more  thoroughly.  The  wire  was  "hard 
drawn,"  and  its  purity  was  indicated  by  the  fact  that  when  heated  to  1,000® 
in  hydrogen  and  quenched  in  ice-water  it  was  as  soft  and  pliable  as  the 
purest  iron.    Two  pieces  of  this  wire  were  scraped  bright  and  clean  with  a 
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dull  knife  and  measured  as  usual  in  a  cell  shown  in  figure  3,  page  10.  The 
potential  of  these  cells  began  at  very  low  value,  and  gradually  rose  to  a  con- 
stancy at  about  0.76  volt.  It  was  evident  that  the  end-point  is  reached  only 
after  a  long  time;  and  accordingly  six  wires  were  sealed  up  in  ferrous 
sulphate  solution.  Three  of  these  had  been  scraped  as  before  to  clean  them 
and  the  other  three  were  rubbed  with  fine  emery  cloth,  all  of  them  being 
carefully  wiped  with  a  cloth  before  immersion.  Below  are  given  the  final 
constant  values  attained  by  these  samples : 

Table  6. — The  electromotive  force  of  commercial  iron  of  moderate  purity. 


Blapeed 
time. 

Swedlfih 
bar  iron. 

Piano  wire  (hard  drawn). 

Sandpapered. 

Scraped. 

No.  24. 

No.  26. 

No.  28. 

No.  27. 

No.  28. 

No.  29. 

No.  80. 

8  hours.... 

Iday 

8  days 

4day8 

7  days 

Volt. 
0.765 
0.770 
0.770 

Volt. 

'  b!762 
0.762 
0.762 

Volt. 

*b'.762 
0.762 
0.768 

Volt. 

"  0.762 
0.762 
0.768 

Volt. 

0.767 
0.763 
0.765 

Volt. 

*  *o!769 
0.767 
0.767 

Volt. 

0.765 
0.765 
0.768 

Thus  all  these  samples  yield  a  result  lower  than  the  most  compact  of  the 
sintered  samples.  The  results  show  excellent  agreement,  and  the  number 
0.765  volt  may  be  taken  as  the  true  electromotive  force  of  the  cell  made 
from  this  wire.  The  Swedish  iron  gave  a  slightly  higher  value,  about  0.770. 
A  third  sample  of  commercial  iron,  the  softest  and  purest  wire  obtainable, 
was  next  examined.  It  was  cleaned  with  fine  emery  cloth  and  wiped  with  a 
clean  cotton  cloth.  Two  specimens  after  two  days  gave  respectively  0.760 
and  0.771  volt,  or  in  mean  0.766,  essentially  the  same  as  before. 

Thus  all  the  commercial  compact  samples  of  iron  showed  a  distinctly  lower 
solution  tension  than  any  of  the  spongy  pure  samples.  Before  this  differ- 
ence could  be  certainly  ascribed  to  any  peculiarity  in  the  freshly  reduced 
spongy  iron,  proof  must  be  afforded  that  it  was  not  due  to  impurities  in  the 
commercial  samples.  This  possibility  was  most  conveniently  subjected  to 
trial  by  fusing  a  sample  of  pure  reduced  iron,  and  comparing  the  product 
with  the  commercial  sample.  At  first  an  attempt  was  made  to  prepare  pure 
fused  iron  by  fusing  a  small  quantity  in  a  small  lime  crucible  in  an  oxyhy- 
drogen  flame.  The  hydrogen  used  was  very  pure,  having  been  made  by 
electrolysis,  for  impurities  would  be  taken  from  the  gas  by  the  fused  iron. 
The  flame  was  so  directed  as  to  cover  the  iron  completely  and  was  provided 
with  excess  of  hydrogen,  but  nevertheless  all  the  iron  oxidized.  The  oxide 
unfortunately  did  not  act  as  a  protection  to  the  iron  underneath,  because  it 
fused  and  was  absorbed  by  the  porous  lime.    No  acceptable  variations  of 
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apparatus  or  manipulation  greatly  bettered  the  result,  which  could  have  been 
easily  accomplished  with  larger  quantities  of  material.  Therefore  another 
method  was  tried,  namely,  the  melting  of  the  iron  in  a  vacuum  by  means  of 
the  heat  generated  by  its  own  resistance  to  a  great  electric  current  Be- 
sides an  apparatus  suitable  for  exhaustion,  the  essentials  for  success  were 
iron  electrodes,  a  suitable  crucible,  and  a  sufficiently  high  current  Bundles 
of  piano  wire  provided  the  electrodes,  and  a  nest  of  powdered  iron,  sup- 
ported on  a  crucible  of  lime  made  from  the  purest  marble,  was  used  to 
contain  the  melted  particles.  In  order  to  increase  the  resistance  of  the 
metal  it  was  powdered  in  the  Hempel  steel  mortar,  and  the  current  was 
passed  through  this  powder.  The  arrangement  of  the  apparatus  and  its 
description  are  given  in  figure  5. 

The  operation  of  the  experiment  was  as  follows:  After  everything  was 
arranged  as  shown  in  the  figure,  the  Sprengel  vacuum-pump  was  started 
and  the  stoppers  thus  firmly  forced  in.  This,  however,  disarranged  the  elec- 
trodes and  air  was  again  admitted,  so  that  they  could  be  carefully  placed  at 
the  desired  places  in  the  lime  boat.  The  apparatus  was  now  evacuated  a 
second  time  and  the  current  turned  on.  For  some  time  nothing  happened, 
but  finally  the  metal  fused  with  the  help  of  vigorous  jarring.  More  and 
more  powder  was  added  from  above  as  the  fusion  progressed.  There  were 
brilliant  flashes  of  violet  light  with  each  addition  of  powder,  followed  by 
bright-red  glowing.  By  feeding  powder  into  the  open  spaces  left  by  the 
fused  material  it  was  possible  to  maintain  the  fusion  almost  continually  until 
the  supply  was  exhausted.  The  product  consisted  mainly  of  small  pellets 
about  the  size  of  the  head  of  a  pin  or  a  little  larger,  resting  in  the  nests  of 
pure  powdered  iron.  Only  one  was  large  enough  to  use  conveniently  in  a 
cell.  Nevertheless,  this  gave  a  result  agreeing  so  well  with  that  from  the 
commercial  materials  that  a  duplicate  seemed  unnecessary.  The  sample  was 
covered  with  soft  paraffin  on  those  parts  which  did  not  have  a  smooth  fused 
surface. 

Table  7. — Pure  iron  fused  in  vacuum.    (33). 


Blap«ed  time. 

B.M.F. 

Elapsed  time. 

E.M.F. 

Ok        7ni 

0        9 
0      20 
0      40 

Volt. 
0.746 
0.750 
0.757 
0.760 

40»     40» 
41      80 
72       10 
90      25 

Volt. 
0.761 
0.759 
0.768 
0.761 

Thus  this  sample  of  exceedingly  pure  iron  fused  in  vacuum  gave  essen- 
tially the  same  potential  as  good  quality  commercial  material  (0.765). 
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This  iron  must  have  been  wholly  free 
from  carbon,  from  any  other  metal,  and 
indeed  even  from  all  but  the  merest 
trace  of  hydrt^en.  It  is  hence  dear  that 
the  impurities  in  the  commercial  iron 
could  not  have  been  enough  to  affect  its 
electromotive  force,  and  that  pure,  com- 
pact iron  really  gives  a  lower  value  than 
the  same  iron  reduced  by  hydrogen.  To 
what  cause,  then,  is  this  difference  to  be 
ascribed?  Is  the  higher  solution  tension 
of  the  spongy  iron  due  to  the  traces  of 
hydrogen  within  it,  or  to  difference  of 
internal  structure,  or  to  the  disposal  of  its 
external  surface? 

The  first  of  these  three  possible  causes 
of  an  extraordinarily  high  potential  does 
not  seem  to  be  a  very  probable  one; 
nevertheless,  it  seemed  worthy  of  test, 
especially  in  view  of  the  results  on  oc- 
cluded hydrogen  to  be  recorded  later. 
Accordingly,  several  samples  of  spongy 
iron  were  ignited  for  varying  lengths  of 
time  at  varying  temperatures  in  a 
vacuum,  while  inclosed  in  a  stout  porce- 
lain tube.  It  was  thus  found  that  while 
short  ignition  or  ignition  at  a  low  tem- 
perature left  much  of  the  gas  in  the 
metal,  treatment  at  a  higher  temperature 
for  a  longer  time  seemed  to  remove 
nearly  all  of  it,  while  causing  the  iron  to 
sinter  into  a  compact  mass.  Iron  thus 
treated  at  1,160°  gave  in  conjunction 
with  the  decinormal  electrode  the  usual 
potential  0.787  in  a  few  hours,  a  value 
which  remained  unchanged 
even  in  the  last  decimal  place 
after  ninety  hours.  Even  this 
iron,  however,  undoubtedly 
contained  traces  of  hydm^en,  although 
much  less  than  at  first 
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The  permanence  in  the  value  in  the  potential  is  in  itself  the  best  evidence 
that  the  hydrogen,  even  if  present,  is  so  shielded  from  the  electrolyte  as  not 
to  affect  the  measurement  of  electromotive  force.  It  is  improbable  that  a 
trace  of  occluded  gas  could  exercise  a  lasting  effect  in  maintaining  the 
potential  above  that  of  the  reversible  electrode  of  ircm  in  its  sulphate.  This 
matter  will  be  discussed  in  detail  in  the  second  section  of  the  paper. 

There  are  two  other  hypotheses  capable  of  explaining  the  abnormal  poten- 
tial of  the  spongy  iron.  It  is  certain  that  the  "  sintering '  is  increased  and 
the  surface  of  the  iron  diminished  in  this  way ;  and  it  is  possible  that  change 
in  the  degree  of  polymerization  of  the  iron,  resulting  in  the  formation  of  a 
more  stable  modification,  is  likewise  effected.*  Either  of  these  changes 
might  affect  the  electromotive  force.  A  method  of  deciding  between  these 
two  would  demand  either  the  formation  of  compact  iron  at  low  temperature, 
or  else  of  loose  spongy  iron  at  high  temperature — and  neither  is  capable  of 
certain  preparation.  The  former  was  nearly  obtained  in  the  experiment  first 
recounted,  in  which  the  spongy  iron  was  rendered  compact  by  great  pressure ; 
the  latter  can  hardly  be  obtained  by  mechanical  subdivision. 

It  is  to  be  noticed  that  of  the  first  three  specimens  used  in  the  experiments 
recorded  in  table  3,  the  untouched  porous  pieces  gave  an  average  potential 
of  0.783,  while  the  same  pieces  after  cold-welding  at  very  high  pressure  gave 
the  essentially  identical  value  0.782.  The  cold-welded  pieces  were  very  hard 
and  tenacious,  and  appeared  qualitatively  in  every  way  similar  to  iron  which 
had  been  fused  (which  gave  only  0.765  volt)  ;  but  it  is  not  certain  that  some 
particles  on  the  surface  were  not  as  loosely  coherent  as  in  the  sponge,  and 
hence  capable  of  giving  as  high  a  potential.  It  is  true  that  one  fact  mili- 
tates against  this  possibility — ^the  fact,  namely,  that  the  compressed  pieces 
steadily  rose  to  the  maximum  potential  and  staid  there  a  long  time,  which 
could  have  hardly  been  the  case  if  the  high  potential  had  depended  upon  a 
few  particles. 

Because  of  the  experimental  difficulties  it  is  impossible  now  to  decide  defi- 
nitely between  these  possible  causes  of  difference  between  the  spongy  and 
compact  metal.    It  is  possible  that  all  three  are  superposed ;  but  of  the  three. 


"The  allotropic  theory  of  iron  need  not  be  discussed  here.  It  has  satisfactorily 
explained  so  many  phenomena  and  has  had  such  wide  usefulness  that  it  is  universally 
accepted  by  scientific  metallurgists.  Its  theoretical  side  from  the  standpoint  of  the 
phase  rule  is  thoroughly  treated  by  Roozeboom,  Z.  t  Phys.,  ch.,  34,  436  (1900).  The 
metallurgist's  use  of  it  is  shown  by  Baron  von  Juptner  in  his  work  "  Grundzuge  der 
Siderologie,"  vol.  2,  1901.    See  also  Berichte  der  d.  Chem.  GeselL,  39,  2381  (1906}. 

A  short  explanation  of  the  terminology  may  not  be  out  of  place.  Pure  iron  has  at 
least  two  well-defined  transition  points.  Iron  stable  below  766®  is  known  as  alpha 
iron,  between  766**  and  895**  as  beta  iron;  and  the  phase  formed  above  895**  is  called 
gamma  iron. 


c 
I 


THE  SUDDEN   COOLING  OF  PURE  IRON.  29 

the  writers  are  rather  inclined  to  believe  that  the  chief  cause  is  probably  the 
state  of  subdivision — ^the  very  finely  divided  particles  giving  a  higher  electro- 
motive force  than  the  fused  mass*  If  this  is  true,  the  case  is  one  of  great 
interest  because  of  the  magnitude  of  the  effect,  corresponding  as  it  does  to 
a  tenfold  greater  solubility  of  the  finest  particles. 

In  this  connection  it  was  deemed  worth  while  to  test  the  electromotive 
force  of  iron  which  had  been  suddenly  cooled  or  quenched.  In  this  way  it 
might  be  found  whether  or  not  pure  iron,  when  suddenly  cooled,  could  be 
caught  in  a  condition  of  internal  structure  less  stable  than  when  cooled 
slowly. 

Preliminary  experiments,  to  be  recounted  later  in  another  connection, 
showed  that  in  order  to  obtain  significant  results  for  this  purpose  the  heat- 
ing and  sudden  cooling  must  occur  in  the  absence  of  any  foreign  substance 
capable  of  reacting  upon  the  iron ;  therefore  the  metal  must  be  quenched  in 
the  absence  of  any  gas  or  water. 

The  apparatus  needed  was  not  complex.  A  stout  tube  of  Berlin  porcelain 
was  clamped  in  a  vertical  position,  closed  at  both  ends  by  Hempel  water- 
cooled  stoppers,  and  was  heated  in  the  middle  by  an  encompassing  perforated 
Fletcher  furnace.  The  temperature  was  registered  by  a  platinum-rhodium 
thermopile.  The  porcelain  plate  on  which  the  test-pieces  of  iron  were  laid 
was  suspended  in  the  middle  of  the  tube  by  an  iron  wire  on  one  side  and  a 
small  silver  wire  on  the  other.  On  the  lower  Hempel  stopper  lay  a  smooth, 
thick  iron  plate,  and  ice-cold  water  was  circulated  through  the  stopper, 
while  the  whole  lower  end  of  the  tube  was  packed  in  ice.  The  apparatus 
was  now  evacuated  with  a  Sprengel  mercury  pump,  and  when  the  pressure 
had  fallen  to  less  than  i  mm.  the  tube  was  heated.  For  ten  minutes  the 
temperature  was  kept  above  i,ooo** ;  the  silver  wire  was  melted  and  one  side 
of  the  porcelain  plate  was  dropped.  The  iron  of  course  fell  from  this  region 
of  high  temperature  to  the  cold  iron  plate.  The  apparatus  was  left  to  cool 
over  night,  without  the  admission  of  a  trace  of  air.  The  two  pieces  of  iron 
when  put  in  had  been  blackish-gray  and  very  loosely  knit  together;  when 
taken  out  they  were  quite  cohesive  and  of  a  clear-gray  color,  exactly 
resembling  iron  which  had  been  reduced  in  hydrogen  above  700**.  This 
illustrates  the  effect  of  sintering  and  proves  that  the  original  dark  color  of 
the  iron  powder  was  not  due  to  incomplete  reduction,  but  solely  to  its  state 
of  division.  One  surface  of  one  of  the  two  pieces  was  found  lying  flat  on  the 
cold  iron  plate  and  this  one  was  immersed  in  ferrous  sulphate  and  measured. 
It  gave  in  eight  minutes  a  potential  of  0.788,  which  slowly  rose  to  0.805  ^^ 
an  hour,  and  then  settled  down  to  constancy  at  the  value  of  0.795. 


"Ostwald,  Zeitschr.  fur  Phys.  Chem.,  34,  45  (1900) ;  Hulett,  ibid.,  37,  585  (1901). 
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In  repeating  the  experiment  two  improvements  were  introduced  For 
fear  that  some  silver  might  have  volatilized  and  contaminated  the  iron,  the 
silver-wire  support  was  replaced  by  a  simple  mechanical  device,  one  side  of 
the  porcelain  plate  supporting  the  iron  being  held  in  place  by  a  pipe-stem, 
while  the  other  side  was  attached  to  an  iron  wire  running  through  a  lubri- 
cated hole  in  the  stopper.  By  pulling  the  wire  the  iron  could  be  dropped. 
Furthermore,  quick  and  effectual  cooling  was  obtained  by  surrounding  the 
outside  of  the  base  of  the  porcelain  tube^  containing  the  iron  cooling-plate, 
by  a  mixture  of  chloroform  and  solid  carbon  dioxide.  Time  was  allowed  for 
the  thorough  cooling  of  the  inclosed  iron  plate.  The  temperature  of  porous 
iron  was  thus  almost  instantaneously  lowered  from  i,ioo**  to  — ^75**  or  there- 
abouts. Great  pains  was  taken  to  exclude  the  vapor  of  water,  which  would 
have  condensed  in  the  cold  part  of  the  tube  and  vitiated  the  experiment 
This  was  accomplished  by  running  a  stream  of  pure  dry  hydrogen  through 
the  tube  for  many  hours. 

As  soon  as  possible  after  the  fall  of  the  porous  iron,  which  took  place 
this  time  in  an  atmosphere  of  hydrogen,  the  pieces  were  taken  out,  immersed 
in  ferrous  sulphate,  and  measured  in  the  usual  way.  In  six  minutes  after 
immersion  the  potential  was  0.790,  in  twenty  minutes  0.796,  and  in  an  hour 
0.798.  After  a  day  it  settled  down  to  perfect  constancy  at  0.793  volt,  essen- 
tially identical  with  the  result  of  the  previous  experiment.  This  is  not 
enough  above  the  usual  value  (0.787)  obtained  from  iron  slowly  cooled  from 
the  same  high  temperature  to  allow  the  conclusion  that  the  sudden  cooling 
had  made  any  considerable  difference  in  the  potential  or  difference  in  internal 
structure. 

It  becomes  now  an  interesting  question  as  to  which  of  the  many  values 
for  the  gradually  changing  potential  of  the  cell  Fe,  nFeS04,  n/ioKCl,  HgQ, 
Hg  corresppnd  to  the  true  values  of  the  solution  tension  of  the  different 
forms  of  iron.  Consideration  shows  that  the  final  high  values  are  probably 
to  be  taken  in  each  case,  for  several  reasons.  In  the  first  place,  these  values 
are  approached  asymtotically,  and  are  then  maintained  at  a  constancy  for  a 
long  time.  For  example,  one  sample  of  iron  which  in  16  hours  had  g^ven 
in  the  cell  a  potential  of  0.793  volt,  after  150  hours  more  was  still  practically 
unchanged  at  0.792  volt.  In  the  next  place,  the  different  kinds  of  iron, 
although  sometimes  beginning  at  impossibly  low  values,  all  finally  rise  to 
nearly  the  same  point.  Again,  it  is  not  conceivable  that  the  iron  should 
gradually  raise  itself  to  a  potential  above  its  true  value  and  maintain  itself 
there  in  a  reversible  reaction  with  a  large  excess  of  both  iron  and  ferrous 
sulphate  at  hand,  while  it  is  easy  to  see  that  a  coating  of  oxygen  would  lower 
the  potential  at  first.  The  conclusion  is,  moreover,  reinforced  by  the  fact 
that  the  same  potential  is  attained  from  the  opposite  direction  by  the  gradual 
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falling  off  of  a  higher  potential  artificially  and  temporarily  created  in  the 
metallic  electrode  with  the  help  of  hydrogen  conveyed  to  the  system  from 
without,  as  will  be  explained  in  the  succeeding  section  of  the  paper.  Hence 
there  can  be  little  doubt  that  the  potential  of  porous  iron  reduced  at  about 
ifioo^  and  immersed  in  normal  ferrous  sulphate  is  really  as  high  as 
0.79 — 0.612  =  0.18  volt,  if  the  decinormal  calomel  electrode  is  taken  as  0.612, 
the  normal  calomel  electrode  being  taken  as  0.56.  Pure  iron  which  has  been 
fused  in  a  vacuum  gives  a  value  nearly  0.03  volt  lower,  or  about  0.15  volt 
This  latter  value,  corresponding  to  the  flat  surface  of  a  coherent  mass,  is  the 
one  to  be  chosen  ordinarily  as  the  normal  value.  Even  this  is  nearly  twice 
as  large  as  that  usually  ascribed  to  it  The  errors  of  the  work  of  others  were 
probably  insufficient  time  of  immersion  and  the  presence  of  add  in  the  electro- 
lyte, both  of  these  tending  to  lower  the  observed  value,  as  is  shown  above. 


PART  II.    THE  ELECTROMOTIVE  FORCE  OF  IRON   CON- 
TAINING OCCLUDED  HYDROGEN. 


The  fact  that  hydrogen  freely  penetrates  iron  at  red  heat  and  that  iron 
retains  some  of  this  hydrogen  on  cooling  was  discovered  as  long  ago  as  1866 
by  Graham ;  but  the  more  detailed  study  of  this  and  related  phenomena  has 
been  undertaken  only  in  recent  years,  after  its  importance  in  the  metallurgy 
of  the  metal  had  been  established.  Many  papers  have  been  published  on  this 
topic,  but  the  field  has  been  by  no  means  thoroughly  treated. 

Our  attention  during  this  research  was  first  directed  to  the  well-known 
affinity  of  iron  for  hydrogen  by  observing  the  copious  evolution  of  this  gas 
from  metal  reduced  at  a  low  temperature."  Iron  obtained  from  the  oxide  at 
570**  is,  as  well  known,  a  fine  powder,  which  oxidizes  easily,  and  hence  after 
even  a  short  exposure  to  the  air  g^ves  a  low  electromotive  force.  In  order 
to  test  properly  the  free  energy  of  such  iron,  it  must  be  cooled  in  pure  hydro- 
gen and  tested  instantly  after  opening  the  reduction-tube.  In  this  way  it 
was  found  that  the  potential  is  not  essentially  different  from  iron  reduced 
at  700°,  being  about  0.795  volt  in  conjunction  with  the  decinormal  electrode. 

Nevertheless,  such  powder,  upon  immersion  in  ferrous  sulphate  evolved 
copious  bubbles  of  gas,  which  were  proved  to  be  hydrogen.  That  this  hydro- 
gen was  not  in  any  extraordinary  condition  is  shown  by  the  fact  that  it 
neither  altered  the  potential  of  the  iron  nor  caused  the  iron  containing  it  to 
produce  any  unusual  reducing  effect  on  mildly  oxidizing  solutions.  It  is 
probable  that  the  hydrogen  thus  held  by  the  fine  powder  was  merely  adsorbed, 
as  the  gas  is  adsorbed  by  charcoal. 

That  the  gas  could  exist  in  the  metal  in  a  radically  different  condition  we 
did  not  at  first  suspect ;  but  this  conclusion  was  forced  upon  us  by  the  sur- 
prising and  quite  unexpected  results  of  several  other  experiments. 

In  the  first  place,  several  pieces  of  porous  iron  which  had  been  reduced  at 
high  temperature,  slightly  oxidized  by  long  standing  in  the  air,  and  then 
reheated  in  hydrogen  at  575**  gave  at  first  an  extraordinarily  high  value  for 
the  usual  cell  couple,  namely  0.825.  ^^  seven  hours  this  had  decreased  to 
0.810,  and  in  five  days  became  constant  at  0.798,  essentially  the  normal  value. 

*  Baxter  has  shown  that  pure  iron  reduced  at  a  high  temperature  contains  but  little 
occluded  hydrogen.    Am.  Chem.  Joum.,  22,  363  (1899). 
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A  slight  indication  of  an  excessive  value  of  this  kind  had  already  appeared 
in  other  previous  samples,  many  of  which  after  a  short  immersion  in  ferrous 
sulphate  showed  a  slight  maximum.  This  was  noticeable  even  in  samples 
which  had  been  ignited  in  a  vacuum.  In  the  cases  mentioned  at  the  begin- 
ning of  this  paragraph,  after  standing  some  time,  bubbles  of  hydrogen 
i4>peared  arotmd  the  metal,  as  the  electromotive  force  decreased.  This 
seemed  to  show  that  in  some  way  the  excessive  electromotive  force  was  con- 
nected with  hydrogen.  But  hydrogen  gas  has  a  lower,  not  a  higher  potential 
than  iron.  Therefore,  it  is  clear  that  if  the  abnormality  is  produced  by 
hydrogfcn,  this  impurity  must  exist  in  the  metal  in  a  diflferent  form — ^no 
longer  as  merely  adsorbed  gas  on  the  surface  of  the  fine  powder,  but  in  some 
new  state,  inclosed  in  the  less  open  structure  of  the  sintered  iron. 

More  light  was  thrown  upon  all  these  matters  by  interesting  series  of 
experiments  which  showed  that  the  dissolved  active  hydrogen  could  be  more 
easily  introduced  into  the  iron  in  other  ways.  There  follows  a  brief  descrip- 
tion of  these  experiments. 

The  first  series  furnishing  this  further  light  was  a  set  of  experiments 
originally  begun  as  a  preliminary  attempt  to  cause  a  change  in  the  internal 
structure  of  iron  by  quick  cooling.  In  it  iron  was  plunged  while  hot  into 
water. 

In  order  to  quench  iron  suddenly  from  a  high  temperature  without  coating 
the  metal  with  a  hardly  sduble  film  of  oxide,  it  was  clearly  necessary  to 
conduct  in  an  atmosphere  free  from  oxygen  both  the  heating  of  the  metal 
and  the  transference  to  the  cooling  agent. 

An  atmosphere  of  hydrogen  was  first  used  for  this  purpose.  As  before, 
a  stout  tube  of  Berlin  porcelain  was  erected  in  a  vertical  position,  the  middle 
portion  being  heated  by  a  Fletcher  furnace.  Pure  electrolytic  hydrogen, 
thoroughly  washed  and  dried,  was  supplied  at  the  top  of  the  tube  through  a 
cooled  Hempel  stopper,  which  was  further  protected  against  the  rapid  con- 
vection of  hot  hydrogen  by  a  pipe-bowl  suspended  at  the  upper  limit  of  the 
heated  zone  by  means  of  an  iron  wire.  The  iron  was  heated  at  first  in  an 
unglazed  basket  of  the  best  porcelain,  and  in  the  later  experiments  on  a 
shelf  or  disk  of  the  same  material.  Simple  mechanical  devices  as  before 
enabled  the  iron  to  be  plunged  or  dropped  quickly  into  the  cooling  agent  at 
the  base  of  the  tube.  The  temperature  of  heating  was  determined  by  a 
Le  Chatelier  platinum-rhodium  thermoelectric  junction.  Cold  boiled  water 
was  used  as  the  cooling  agent  at  the  base  of  the  tube,  the  operation  being, 
therefore,  merely  the  quenching  of  pure  iron  without  exposure  to  oxygen  gas. 

Even  the  first  experiments  gave  interesting  results.  Porous  iron  reduced 
at  800®  was  quenched  from  1,000*".    Twenty  minutes  afterwards  the  super- 
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ficially  oxidized  sample  was  immersed  in  ferrous  sulphate  and  half  an  hour 
later  it  gave  the  value  0.89  volt  against  the  decinormal  electrode,  instead  of 
only  0.79  as  before.  This  extraordinary  value  was  only  temporary,  the 
electromotive  force  falling  rapidly,  at  the  end  of  one  hour  being  0.825  volt 
and  of  five  hours,  0.803.  Three  other  pieces  quenched  at  the  same  time  gave 
similar  results.  Because  the  electromotive  force  fell  rapidly  it  appeared  pos- 
sible that  an  immediate  reading  might  have  given  even  higher  results.  A 
repetition  of  the  experiment  with  frequent  readings  was  evidently  very 
desirable. 

The  second  quenching  was  a  repetition  of  the  first  To  remove  the 
adhering  water  after  the  operation,  the  samples  of  iron  were  rinsed  for  a 
minute  or  two  in  ferrous  sulphate  solution  before  putting  into  the  cells,  thus 
preventing  dilution  of  the  normal  solution  in  which  they  were  measured. 
The  results  verified  those  of  the  first  quenching,  but  added  to  them,  in  that 
the  later  ones  showed  the  speed  of  decrease  in  potential  to  be  much  less  In 
the  first  half  hour  than  afterwards.  The  potential  started  at  about  0.9  volt, 
and  after  remaining  almost  constant  for  thirty  minutes  began  to  fall  off 
rapidly.  A  number  of  other  similar  quenchings  were  made,  most  of  which 
gave  similar  results,  only  a  few  showing  no  excess  of  potential.  Typical 
examples  are  given  in  the  following  table,  under  the  heading,  Sample  44. 

Further  experiments  were  made  to  determine  if  the  temperature  before 
quenching  caused  any  considerable  effect  on  the  results. 

The  apparatus  used  was  the  same  as  the  one  which  served  in  the  previous 
experiments.  One  sample  was  quenched  from  695**  and  another  from  600**. 
In  both  cases  the  quenched  iron  rose  to  a  maximum  electromotive  force  less 
strikingly  above  the  normal  value,  the  former  attaining  0.87  volt  and  the 
latter  0.82  volt,  which  potentials,  as  usual,  settled  down  to  the  normal  values 
of  0.795  in  the  course  of  half  a  day.  These  experiments  showed  that  the 
excessive  value  of  the  electromotive  force  was  directly  dependent  upon  the 
temperature  before  quenching,  a  higher  temperature  giving  a  greater  excess. 
They  added  to  the  evidence  already  given  that  the  "  gamma  "  or  high-tem- 
perature phase  of  iron  eould  have  nothing  to  do  with  the  excessive  values, 
because  the  latest  quenching  occurred  from  a  temperature  below  the  recog- 
nized transition  point.  It  will  be  remembered  in  this  c(»mection  that  pure 
iron  quenched  from  1,100^  on  a  cold  iron  plate  gave  normal  values  for  its 
electromotive  force. 

The  experiment  was  next  made  of  reheating  the  quenched  iron  in  hydro- 
gen in  order  to  discover  whether  or  not  it  would  return  to  its  normal  condi- 
tion. Two  pieces  of  this  same  quenched  iron  were  thoroughly  dried  in 
alcohol  and  ether  and  three  days  later  were  reheated  in  hydrogen  for  one 
hour  (the  highest  temperature  being  faint  redness)  and  then  slowly  cooled. 
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The  results,  together  with  those  of  the  previously  described  quenched  iron, 
are  given  in  the  following  table : 


Table  8. — The  effect  of  reheating  quenched  iron. 


Time  elapsed 

after 
Immersion. 

Sample  44, 
quenohed,  not  reheated. 

Sample  46, 

reheated 

Iron. 

Sample  48. 

reheated 

Iron. 

Fresh. 

Exposed  to  air. 

Volt. 

Volt. 

Volt. 

Volt. 

0*    8« 

0.880 

0.79 

0.796 

0.794 

0    11 

0.910 

0.80 

0.800 

0.801 

0    20 

0.906 

0.90 

0.800 

0.804 

0    45 

0.890 

0.89 

0.797 

0.804 

3 

0.810 

0.81 

0.797 

0.808 

4 

0.797 

0.80 

0.797 

0.802 

It  is  clear  at  once  that  samples  45  and  46  had  once  more  acquired  the 
same  condition  they  possessed  before  they  were  quenched — ^as  was  to  be 
expected.  Thus  there  can  be  no  doubt  that  the  reheated  iron  returns  essen- 
tially to  its  normal  condition. 

From  these  experiments  it  was  clear  that  something,  either  chemical  or 
physical,  had  happened  to  the  iron  during  its  heating  and  plunge  into  water 
which  caused  it  to  assume  an  excessive  potential.  Two  possible  causes 
might  underlie  these  interesting  results.  Either  the  sudden  cooling  might 
have  preserved  the  iron  in  an  unstable  allotropic  form  yielding  a  higher 
electromotive  force,  or  else  occluded  hydrogen  might  in  some  way  be  respon- 
sible for  the  differences.  The  former  of  these  explanations  was  disproved 
by  the  already  described  experiments  on  cooling  iron  in  a  vacuum  on  a  cold 
iron  plate.  Hence  only  the  latter  explanation  remained,  and  the  phenomenon 
was  obviously  to  be  classed  with  the  occlusion  of  hydrogen  from  the  hot  gas. 

It  now  became  an  interesting  matter  to  find  whether  this  hydrogen  came 
from  the  hydrogen  gas  or  from  the  water  during  the  instant  of  quenching. 
This  was  easily  decided  by  an  experiment  in  which  the  metal  was  heated  in 
and  quenched  from  an  atmosphere  of  nitrogen.  The  quenching  apparatus 
was  exactly  the  same  as  that  used  in  all  the  previous  experiments.  The 
nitrogen  was  prepared  by  Wankl)m's  method  of  blowing  air  through  aqua 
ammonia,  passing  this  ammoniacal  air  over  hot  copper  g^uze,  and  purifying 
the  resulting  nitrogen  in  the  usual  way.  All  rubber  used  in  the  apparatus 
had  been  boiled  in  caustic  solution  and  was  thickly  coated  on  the  inside  with 
the  semi-solid  paraffin.  In  this  apparatus  a  typical  sample  of  porous  iron 
was  heated  for  twelve  minutes  in  nitrogen  at  a  temperature  of  1,040**  and 
was  then  quenched  in  ice-water.    Of  the  two  pieces  thus  quenched,  one  was 
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immersed  in  the  ferrous  sulphate  solution  five  minutes  after  quenching, 
while  the  other  was  thoroughly  dried  in  alcohol  and  ether  and  put  into  the 
cell  to  be  measured  on  the  following  day. 

The  results  agreed  in  a  general  way  with  those  already  obtained  by 
quenching  from  an  atmosphere  of  hydrogen.  They  diflfered  in  two  respects. 
The  maximum  electromotive  force  was  0.03  volt  higher  than  any  other  thus 
far  obtained,  rising  to  0.94  volt,  and  this  high  electromotive  force  was 
retained  for  a  much  longer  period  of  time.  These  are  diflferences  in  degree 
only,  and  since  the  other  results  differed  among  themselves,  although  to  a 
less  extent,  the  higher  value  is  to  be  ascribed  merely  to  more  favorable 
experimental  conditions. 

Could  the  formation  of  iron  nitride  in  any  way  have  produced  the  high 
potential  in  this  case?  Reflection  prcnnptly  decided  this  question  in  the 
negative.  Iron  nitride  is  formed  only  at  low  temperatures  and  is  decom- 
posed even  in  a  stream  of  ammonia  at  higher  temperatures ;  "  free  nitrogen 
is  not  able  to  unite  with  iron,  even  when  the  latter  is  reduced  in  nitrogen, 
and  the  formation  of  nitride  is  dependent  on  the  coming  in  contact  of  nascent 
nitrogen  with  iron.""  Moreover,  the  nitride  begins  to  decompose  in  a 
stream  of  nitrogen  at  600®,  and  the  nitride  Fe^N  is  an  exothermic  compound. 
Hence  probably  it  has  a  lower  electromotive  force  than  iron,"*  not  a  higher 
one,  and  the  nitride  is  evidently  out  of  the  question. 

Upon  standing  in  ferrous  solution  the  quenched  iron  ev(dved  an  appre- 
ciable volume  of  gas,  which  was  shown  to  be  hydrogen  by  explosion  with 
oxygen  in  a  micro-eudiometer. 

In  view  of  this  fact,  and  because  iron  quenched  from  nitrogen  gave  the 
same  high  potential  as  iron  quenched  from  hydrogen,  there  can  be  no  doubt 
that  the  bulk  of  the  occluded  hydrogen  must  have  come  from  the  water  at 
the  moment  of  quenching.  Some  of  the  iron  must  have  been  oxidized,  and 
the  resulting  nascent  hydrogen  must  have  dissolved  in  the  iron,  in  its  active 
state.  No  other  explanation  seemed  to  be  compatible  with  the  extraordinary 
potential  observed. 

Other  workers  on  this  subject  (for  example  Heyn,"  who  found  that 
hydrogen  exists  in  iron  quenched  from  above  730**  in  an  atmosphere  of 
hydrogen)  have  usually  supposed  that  the  occluded  impurity  was  taken 
from  the  gas  and  not  from  the  water,  but  our  experiments  show  con- 
clusively that  the  water  is  the  source  of  the  greater  part  of  the  hydrogen. 


•  Stahlschmidt,  Pogg.  Ann.,  125,  37  (1865). 

"*  Assuming  total  energy  change  to  be  an  approximate  guide  to  free  energy  change 
in  reactions  of  this  kind. 

"Stahl  und  Eisen,  20,  837  (1900).  See  also  Roberts-Austen,  Fifth  report  of  the 
Alloys  Research  Committee,  Proc.  Inst  Mech.  £ng.,  1899,  P-  35* 
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The  discovery  that  in  this  case  nascent  hydrogen  may  be  absorbed  more 
freely  than  the  gaseous  material  by  iron  at  once  reminded  us  of  the  well- 
known  absorption  of  the  light  element  by  metals  used  as  a  cathode  in  add 
solutions.  Cailletet"  and  Johnson"  showed  in  1875  ^^^^  ^^^  will  take  up 
at  ordinary  temperatures  electrolytic  hydrogen  deposited  upon  it,  while 
ordinary  gaseous  hydrogen  has  no  eflfect.  Johnson's  work  was  particularly 
interesting.  His  iron  was  in  the  form  of  soft  wire  and  his  simple  method  of 
testing  for  hydrogen  was  to  bend  the  wire  to  test  its  brittleness,  since  he  had 
discovered  the  interesting  fact  that  hydrogen  imparted  this  property  to  iron 
previously  tough.  Immersing  the  wire  in  acids  which  react  on  it  to  form 
hydrogen  uniformly  made  it  brittle.  Also  when  the  fractured  surface  was 
wetted  with  water  it  was  seen  to  froth.  Making  the  wire  the  cathode  in 
neutral,  acid,  or  alkaline  solutions  had  the  same  effect,  but  iron  anodes  were 
unaffected  even  in  the  add  solution.  Other  wires  were  placed  in  a  bottle 
full  of  water  and  hydrogen  was  made  to  bubble  violently  through  the  water, 
without  any  trace  of  absorption. 

Another  interesting  research  yielding  similar  results  was  conducted  by 
Bellati  and  Lussana  *  A  barometer  was  closed  at  the  top  by  an  iron  plate, 
and  by  cementing  a  glass  ring  on  this  an  electrolytic  cell  was  made  in  which 
hydrogen  was  generated  at  the  Iron  plate ;  the  mercury  at  once  fell  by  dif- 
fusion of  the  hydrogen  through  the  plate  into  the  barometric  vacuum.  This 
work  was  later  confirmed  and  amplified  by  Shields." 

In  view  of  these  phenomena,  it  became  a  very  interesting  point  to  dis- 
cover if  the  active  hydrogen  introduced  into  cathode  iron  from  solution  is 
capable  of  raising  the  potential  of  a  normal  cell  to  the  value  of  0.93,  that 
observed  with  spongy  iron  quenched  from  1,100''  in  nitrogen.  Shields  had 
already  observed  that  this  occluded  hydrogen  raised  the  dectromotive  force 
of  the  iron  above  the  normal  value,  but  the  maximum  had  not  been 
determined. 

This  point  was  easily  tested.  In  order  to  obtain  satisfactory  evidence  it 
is  of  course  necessary  that  iron  alone  should  be  immersed  as  cathode;  the 
platinum  wire  supporting  it  must  be  above  the  liquid.  Preliminary  experi- 
ments showed  that  a  large  excess  of  potential  is  as  a  matter  of  fact  attained, 
but  that  it  falls  off  with  very  great  rapidity.     Spongy  iron  which  had  been 


"Comptcs  rendus,  80,  319  (1875). 

*Proc.  Roy  Soc.  (London),  23,  168  (1875). 

"Bellati  and  Lussana,  Z.  Phys.  Chem.,  7,  229  (1891). 

"Shields,  Chem.  News,  65,  195  (1892).  Further  discussion  of  this  matter  will  be 
found  in  papers  mentioned  later ;  see  also  Hoitsema,  Z.  Phys.  Chem.,  17,  i  ( 1895)  ; 
Winkelmann,  Drude's  Ann.,  8,  388  (1902)  ;  Richardson,  Nicholl  and  Pamell,  PhiL 
Mag.  (6),  8,  I  (1904).  St.  Schmidt  considers  the  assumption  of  a  split  of  the  hydro- 
gen molecule  to  be  unnecessary  and  unwarranted.     (Drude's  Ann.,  13,  747  (1904).) 
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made  the  cathode  of  a  dense  current  in  an  acid  solution  for  an  hour  was 
quickly  washed  with  neutral  ferrous  sulphate,  and  was  measured  as  soon  as 
possible.  In  half  a  minute  after  immersion  it  had  sunk  to  0.822  volt,  in  four 
minutes  later  0.800,  and  in  an  hour  to  constancy  at  0.790.  Evidently  the 
hydrogen  is  only  very  superficially  deposited,  and  most  of  it  is  gone  before 
measurement  is  possible.  Longer  exposure  as  cathode  might  have  more 
effect  Much  more  striking  results  were  obtained  from  electrolytic  iron 
obtained  from  a  neutral  solution  with  the  help  of  a  current  so  dense  as  to 
deposit  hydrogen  with  the  iron.  Such  a  specimen  (sample  48),  measured 
about  three  seconds  after  the  breaking  of  the  current,  gave  a  potential  of  0.93, 
equal  to  that  observed  in  the  quenched  iron.  In  a  minute  this  had  sunk  to 
0.85  volt ;  but  even  after  an  hour  it  remained  as  high  as  0.83  volt,  not  sinking 
to  about  the  normal  value  0.798  for  several  days. 

Thus  it  is  clear  that  as  far  as  potential  measurements  can  show,  the 
hydrogen  driven  into  iron  with  the  help  of  electrical  energy  is  essentially 
similar  to  that  absorbed  in  the  act  of  quenching,  although  the  latter  operation 
seems  to  be  especially  favorable  to  the  occlusion.  Probably  the  action  of 
the  red-hot  core  upon  the  steam  produced  by  the  exterior  of  the  porous  metal 
supplies  the  nascent  hydrogen  to  the  iron  at  a  temperature  especially  suitable 
for  occlusion. 

It  is  interesting  to  note  that  even  without  outside  electrical  assistance 
hydrogen  in  this  active  form  may  be  taken  up  by  iron  from  add  solutions. 
Upon  immersing  the  metal  in  an  add  solution  of  ferrous  sulphate,  hydrogen 
is  of  course  evolved,  and  the  potential  of  the  iron  while  still  in  the  add  is 
lowered  as  much  as  two  decivolts— evidently  by  the  coating  of  gas,  for 
hydrogen  gas  has  a  potential  much  lower  than  iron.  But  besides  this  super- 
ficial effect,  a  more  deep-seated  one  is  occurring,  as  is  easily  shown. 

Upon  removing  this  iron  quickly  to  a  neutral  solution  of  ferrous  sulphate 
and  measuring  at  once,  its  potential  is  found  to  be  above  the  normal  value, 
the  usual  cell  often  reading  as  high  as  0.83  instead  of  0.78  or  0.79.  In  a 
few  hours  it  settles  down  as  usual  to  its  normal  level,  evolving  in  the  process 
bubbles  of  hydrogen  gas.  The  iron  alone  could  not  of  course  raise  the  active 
hydrogen  which  it  absorbs  to  a  concentration  above  that  capable  of  giving 
an  electromotive  force  equal  to  its  own  (0.79  with  the  decinormal  electrode), 
but  with  the  help  of  the  osmotic  pressure  of  the  ionized  hydrogen  in  the 
acid  more  hydrogen  is  driven  in.  This  excess  manifests  its  potential  and 
changes  to  hydrogen  gas  when  the  surrounding  acid  is  removed.  As  a 
change  of  only  tenfold  in  the  concentration  of  the  ionized  hydrogen  would 
be  expected  to  produce  a  change  of  potential  of  nearly  0.06  volt,  the  observed 
effect  is  by  no  means  excessively  large.    Stated  in  another  way,  it  may  be 
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said  that  the  hydrogen  taken  in  by  iron  from  an  acid  solution  is  in  equilibrium 
with  nascent  hydrogen,  and  therefore  possesses  a  high  chemical  potential. 

In  the  course  of  the  quenching  experiments  it  was  found  that  iron 
charged  with  active  hydrogen  lost  its  impurity  much  more  quickly  when 
immersed  in  ferrous  sulphate  than  when  immersed  in  water  or  kept  in  air. 
This  interesting  fact  seemed  worthy  of  more  careful  study,  because  it  might 
be  capable  of  throwing  light  on  the  singular  occlusion.  Accordingly  the 
following  series  of  experiments  was  instituted  upon  six  pieces  of  iron,  all 
quenched  at  once  under  such  conditions  that  all  were  exactly  alike : 

Piece  No.  51  was  immersed  in  ferrous  sulphate  and  measured  immediately 
after  quenching.  Its  electromotive  force  began  at  about  0.8  volt,  gave  the 
maximum  value  0.91  volt  after  a  few  minutes,  and  then  fell  off  as  before, 
reaching  0.90  volt  in  half  an  hour  and  0.793  volt  in  four  hours. 

No.  52  was  left  in  the  water  in  which  it  was  quenched  for  an  hour  and 
twenty  minutes  before  measurement  When  the  electromotive  force  had 
reached  its  maximum  of  0.90  volt  after  26  minutes  subsequent  immersion 
in  ferrous  sulphate.  No.  51  had  passed  that  point  over  an  hour  and  a  half 
before. 

No.  53  was  also  left  in  water  and  was  first  measured  after  two  hours  and 
forty  minutes  had  elapsed.  By  the  time  it  gave  its  highest  electromotive 
force,  0.91  volt.  No.  i  had  dropped  to  0.803  volt. 

No.  54  was  left  in  water  for  26  hours  and  then  inmiersed  in  ferrous 
sulphate.  It  behaved  but  little  differently  from  No.  53,  but  its  maximum  was 
lower,  being  only  0.85  volt.  Before  its  inmiersion  all  the  preceding  had 
reached  their  constant  values  0.795. 

No.  55  was  thoroughly  dried  in  alcohol  and  ether  immediately  after 
quenching  and  kept  in  a  desiccator  an  equal  length  of  time  (26  hours) 
before  measurement  This  specimen  began  at  0.79  volt,  rose  regularly  to 
0.88  volt  in  two  hours,  and  reached  0.80  volt  again  in  twenty-four  hours. 

No.  56  also  was  immediately  thoroughly  dried  and  was  measured  after 
73  hours,  giving  a  similar  but  less  marked  maximum  (0.85  volt). 

The  whole  series  of  experiments  was  then  repeated  with  essentially  identi- 
cal results. 

The  comparison  of  the  results  of  these  series  of  experiments  shows  that 
mere  exposure  to  dry  air  slowly  lowers  the  high  electromotive  force  due  to 
quenching,  that  pure  water  hastens  this  lowering  a  very  little  more  than 
exposure  to  the  air,  but  that  immersion  in  ferrous  sulphate  quickly  estab- 
lishes equilibrium.  The  more  typical  of  these  experiments,  with  some  of  the 
previous  ones,  are  plotted  in  figure  6. 

It  became  now  an  interesting  matter  to  discover  if  any  other  electrolyte 
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would  effect  the  adjustment  of  equilibrium  as  quickly  as  the  ferrous  sul- 
phate. In  an  easily  carried  out  variation  on  the  preceding  series,  a  normal 
solution  of  potassic  suphate  was  used  as  a  typical  electrolyte.  Brief  im- 
mersion in  this  solution  seemed  to  show  no  more  effect  in  discharging  the 
hydrc^en  than  in  water,  but  long  inunersion  showed  a  sUght  difference  in 
favor  of  the  electrol3rte.  The  rate  was  nevertheless  so  much  slower  than 
that  observed  in  the  case  of  ferrous  sulphate  as  to  indicate  entirely  another 
mechanism  of  reaction. 
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The  progress  of  the  evolution  of  the  gas  in  ferrous  sulphate  may  be  sup- 
posed to  be  as  follows :  The  active  hydrogen,  having  a  higher  potential  than 
the  iron,  causes  metal  to  deposit  fnwi  the  ferrous  sulphate,  and  the  acid 
thus  formed  immediately  attacks  the  deposit,  or  a  neighboring  portion  of 
metal.  Without  the  interposition  of  the  iron  as  carrier,  the  hydrogen  seems 
to  find  it  difficult  to  go  from  its  occluded  to  its  gaseous  state.  When  an 
electrolyte  which  contains  no  easily  deionized  cation  is  substituted  for  the 
ferrous  sulphate,  the  reaction  involving  deposition  can  not  take  place,  and  the 
hydrogen  remains  in  its  occluded  condition. 
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These  considerations  show  further  that  the  final  potential  which  the  iron 
attains  after  long  immersion  in  ferrous  sulphate  is  probably  the  true  poten- 
tial, because,  since  both  iron  and  ferrous  sulphate  are  greatly  in  excess,  the 
equilibrium  finally  attained  must  correspond  to  these  two  alone.  Even  if 
some  dissolved  hydrogen  is  retained  by  the  iron  it  can  not  possess  a  perma- 
nent potential  above  that  of  the  iron.  That  this  is  true  is  shown  by  the 
fact  that  quenched  iron  finally  attains  a  potential  equal  to  that  finally 
attained  by  a  similar  sample  which  has  been  long  exposed  to  the  air— one 
approaching  this  value  from  above,  the  other  from  below. 

The  attempt  to  explain  the  nature  and  condition  of  the  active  hydrogen  in 
iron  is  assisted  by  a  suggestive  paragraph  which  occurs  in  a  paper  by  Thos. 
Graham**  '*On  the  relation  of  hydrogen  to  palladium  and  on  hydro- 
genium  " : 

The  chemical  properties  of  hydrogenium  *^  also  distinguish  it  from  ordinary  hydro- 
gen. The  palladium  alloy  precipitates  mercury  and  calomel  from  a  solution  of  the 
chloride  of  mercury  without  any  disengagement  of  hydrogen;  that  is,  hydrogenium 
decomposes  chloride  of  mercury,  while  hydrogen  does  not.  .  .  .  Hydrogenium 
(associated  with  palladium)  unites  with  chlorine  and  iodine  in  the  dark,  converts  red 
prussiate  of  potash  into  yellow  prussiate,  and  has  considerable  deoxidizing  powers.  It 
appears  to  be  the  active  form  of  hydrogen  as  ozone  is  of  oxygen.  * 

Of  these  chemical  tests  one  was  easily  extended  to  hydrogen  contained 
in  iron.  It  was  found  that  carefully  cleaned  pure  iron  wire,  and  also  porous 
iron  which  had  been  kept  for  a  year  in  the  pure  air  of  a  desiccator  over 
potash,  had  no  appreciable  tendency  to  reduce  neutral  potassic  ferricyanide. 
Even  after  the  iron  had  stood  in  a  solution  of  this  salt  for  five  days  the 
solution  gave  no  precipitate  with  ferric  chloride.  Such  iron  was  evidently 
practically  free  from  active  hydrogen.  On  the  other  hand,  iron  which  had 
been  freshly  made  showed  a  marked  reducing  tendency,  and  this  tendency 
was  even  greater  in  quenched  iron  and  iron  which  had  been  used  as  a 
cathode  (or  had  been  simply  immersed  in  add)  and  thoroughly  washed. 
These  results  are  quite  in  accord  with  the  potential  measurements  already 
recorded,  and  furnish  additional  evidences  of  active  hydrogen  in  freshly 
reduced  or  quenched  iron,  but  point  to  its  absence  on  the  surface  of  iron 
long  exposed  to  the  air. 

In  what  form  may  this  hydrogen  be  supposed  to  exist?  Ramsay  was  per- 
haps the  first  to  suggest  that  hydrogen  undergoes  dissociation  when  passing 
through  a  hot  metal,  or  through  one  made  a  cathode  in  acid  solution.^ 
Our  experience  supports  this  hypothesis,  and  seems  to  be  explicable  in  no 


^•Proc  Roy.  Soc   (London),  17,  219  (1869);  Collected  Papers,  p.  290-299;  Pogg. 
Ann.,  138,  49  (1869). 
^  Hydrogenium  ^  hydrogen  in  a  metal. 
""Sir  William  Ramsay,  Phil.  Mag.,  5>  38,  206  (1894). 
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Other  way.  In  one  respect  only  does  Ramsay's  opinion  appear  questicm- 
able,  namely,  in  his  assumption  that  the  dissociated  gas  is  ionized.^  In 
recent  years  the  word  ion  has  been  used  in  so  many  senses  that  an  unfortu- 
nate vagueness  has  crept  into  its  definition ;  but  the  idea  of  ionization  seems 
always  at  least  to  be  associated  with  electric  charges.  Now,  in  this  case 
there  seems  to  be  no  need  of  assumption  of  an  electric  charge  on  the 
occluded  hydrogen  atom ;  indeed  it  is  hard  to  see  how  much  a  charge  could 
be  held  in  the  midst  of  so  good  a  conductor  as  iron.  To  the  writers  it 
appears  much  more  probable  that  the  hydrogen  is  rather  in  the  condition  of 
nascent  hydrogen,  set  free  from  the  positive  charges  which  had  caused  it  to 
ionize  in  the  aqueous  solution,  but  not  yet  consolidated  into  the  form  of 
hydrogen  gas.  It  would  appear  that  iron  is  permeated  with  minute  cavities 
into  which  only  this  dissociated  form  of  hydrogen  is  able  to  enter,  and  that 
upon  all  occasions  when  the  nascent  element  is  liberated  in  the  presence  of 
the  iron,  the  opportunity  of  entrance  is  at  once  seized.  In  the  wording  of 
the  atomic  hypothesis,  the  active  hydrogen  occluded  by  iron  seems  to  be 
atomic  but  not  ionized  hydrogen,  very  different  in  its  properties  from  the 
molecular  hydrogen  which  is  adsorbed  by  the  fine  powder  reduuced  at  low 
temperatures. 

In  conclusion,  it  is  a  pleasure  to  express  our  gratitude  to  the  Carnegie 
Institution  of  Washington  for  generous  pecuniary  assistance  in  this 
investigation. 

SUMMARY  OF  PART  FIRST. 

( 1 )  A  method,  both  rapid  and  convenient,  is  given  for  the  preparation  of 
iron  containing  no  impurity  but  hydrogen. 

(2)  The  potential  of  this  spongy  iron  in  ferrous  sulphate  was  measured 
and  found  to  be  at  first  greatly  affected  by  previous  exposure  to  the  air. 
After  long  immersion  in  ferrous  sulphate  solution  a  constant  and  trustworthy 
value  was  reached. 

(3)  Even  the  enormous  pressure  of  about  350,000  kilograms  per  square 
centimeter  did  not  produce  any  appreciable  permanent  change  in  this  value, 
although  the  masses  were  effectively  cold-welded.  Taken  in  conjunction 
with  the  results  of  Spring,  this  fact  is  shown  to  be  consistent  with  the 
hypothesis  of  compressible  atoms. 

(4)  Measurements  of  the  free-energy  change  in  iron  during  a  pull  upon 
a  wire  great  enough  to  cause  rupture  gave  results  showing  that  this  change 
must  be  very  small,  and  called  attention  to  regrettable  errors  in  previous 
work  on  this  subject. 
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(5)  Iron  reduced  at  a  low  temperature  was  found  to  have  an  electro- 
motive force  higher  by  at  least  0.02  volt  than  iron  which  had  been  fused. 
If  the  normal  calomel  electrode  is  taken  as  having  a  single  potential  differ- 
ence of  0.56,  pure  compact  iron  has  a  single  potential  difference  of  0.15, 
and  spongy  or  porous  iron  about  0.17  to  0.18  volt.  The  former  is  to  be 
chosen  as  the  normal  value.  It  is  pointed  out  that  the  much  lower  results 
of  others  are  probably  to  be  referred  to  the  acidity  of  their  solutions  and 
to  insufficient  waiting  for  equilibrium. 

(6)  No  important  change  in  these  values  was  caused  by  sudden  cooling 
from  a  high  temperature. 

(7)  Speculations  concerning  the  relations  of  these  facts  to  the  structure 
and  internal  pressure  and  solubility  of  iron  are  tentatively  recorded.  The 
difference  of  potential  of  the  different  forms  of  iron  is  probably  but  not 
certainly  to  be  referred  to  the  different  sizes  of  their  separate  particles. 

SUMMARY  OF  PART  SECOND. 

(8)  It  was  found  that  hydrogen  could  be  taken  up  by  finely  powdered 
iron  reduced  at  low  temperatures  without  affecting  the  metal's  electromotive 
force.  When  the  metal  is  wholly  coated  with  hydrogen  the  electromotive 
force  is  diminished.  It  is  probable  that  hydrogen  thus  held  is  merely 
adsorbed  or  held  as  molecular  hydrogen. 

(9)  It  was  found  further  that  by  quenching  in  water,  whether  from 
hydrogen  or  from  nitrogen  gas,  that  iron  takes  up  hydrogen  in  an  active 
form,  raising  the  single  potential  by  as  much  as  0.15  volt  This  hydrogen  is 
quickly  expelled  in  ferrous  sulphate  solution,  and  very  slowly  in  water  or 
potassic  sulphate  solution,  the  potential  returning  to  the  normal  value.  The 
gas  thus  evolved  was  proved  to  be  hydrogen  gas. 

(10)  A  small  amount  of  hydrogen  in  the  same  active  form  may  be  taken 
in  from  hot  hydrogen  gas. 

(11)  Active  hydrogen  thus  occluded  by  iron  seems  to  be  in  every  way 
similar  to  that  occluded  by  iron  in  the  presence  of  nascent  hydrogfen,  whether 
this  is  chemically  or  electrolytically  produced. 

(12)  It  is  pointed  out  that  the  most  reasonable  explanation  of  these  facts 
is  to  suppose  that  the  active  dissolved  hydrogen  is  dissociated  but  not  ionized. 

The  investigation  will  be  continued  in  the  near  future. 
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PREFACE. 


The  chief  purpose  of  the  present  volume  is  the  development  of  a  fog 
chamber  of  simplest  practical  character,  capacious  enough  to  admit  of 
the  measurement  of  the  largest  available  coronas,  and  efficient  up  to 
the  highest  exhaustions  applicable;  i,e,,  those  which  do  not  uselessly 
overstep  the  optical  limits  of  the  experiment,  where  fog  particles  become 
so  fine  as  to  be  virtually  inactive  in  diffracting  or  scattering  white  light. 
This  I  think  has  been  accomplished,  and  the  results,  as  far  as  they  go, 
seem  to  indicate  an  efficiency  not  inferior  to  Wilson's  piston  apparatus. 
I  have  not,  however,  been  able  to  get  much  beyond  the  large  green- 
blue-purple  corona,  no  matter  whether  the  nuclei  selected  were  effec- 
tively large,  like  the  ions,  or  effectively  small,  like  the  colloidal  nuclei. 
The  forms  beyond  are  flimsy  and  so  nearly  colorless  as  to  be  useless 
for  measurement;  but  the  steam-jet  nevertheless  reveals  a  whole  order 
of  axial  oranges  and  yellows,  lying  beyond,  which  to  my  knowledge  have 
not  been  detected  in  any  form  of  fog  chamber  whatever. 

As  used  in  most  experiments,  including  my  own  earlier  work,  the  fog 
chamber  with  a  plug  stopcock  seems  to  be  of  very  inferior  efficiency 
in  comparison  with  the  piston  form.  This,  however,  in  a  properly  de- 
signed apparatus,  is  the  case  only  when  the  attempt  is  made  to  obtain 
the  isothermal  drop  in  pressure  observationally  at  the  fog  chamber, 
closed  at  once  after  exhaustion.  The  datum  needed  can  only  be  found 
by  computation,  and  the  initial  presstires  in  the  fog  and  vacuum  chambers 
and  their  final  pressure  when  in  contact,  always  at  the  same  temperature, 
suffice  for  this  purpose.  Though  I  was  prepared  for  some  corrections, 
I  did  not  anticipate  so  large  a  difference  between  the  apparent  drop 
and  the  true  drop  of  pressure,  as  actually  appears.  In  the  experiments 
which  follow,  the  ratio  is  in  fact  as  i,ooo  to  77$*  a  difference  of  nearly 
25  per  cent.  Hence  it  will  be  necessary  to  restandardize  the  coronas 
with  this  result  in  view,  an  undertaking  which  I  hope  to  begin  in  the 
near  future.  Indeed  a  large  number  of  incidental  results  would  have 
made  this  desirable  in  the  interest  of  other  investigations.  For  similar 
reasons  I  have  (as  a  rule)  continued  to  refer  the  nucleations  of  the  present 
volume  to  the  drop  in  pressure  observed  at  the  fog  chamber;  and  such 
reference  is  sufficient  for  the  comparisons  aimed  at,  if  the  same  type  of 
apparatus  is  used  throughout,  as  was  the  case. 

Having  improved  the  fog  chamber  to  the  degree  shown  in  Chapters 
I  and  II,  it  was  made  use  of  in  Chapter  III  for  certain  incidental  experi- 
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ments.  I  have  already  shown  in  case  of  dust-free  air  and  the  persistent 
nuclei  produced  by  intense  X-radiation  that  the  distribution  of  nuclei 
within  the  fog  chamber  is  a  most  remarkable  feature  of  the  experi- 
ment. The  same,  however,  is  true  of  the  ions.  Whether  produced  by 
X-rays  acting  from  long  distances  or  by  radium,  the  density  of  ioniza- 
tion is  as  a  rule  very  different  in  different  parts  of  the  fog  chamber, 
showing  the  important  effects  due  to  the  presence  of  secondaxy  radiation 
within.  Again,  the  change  of  nudeation  produced  when  the  exciting 
cause  (X-ray  bulb  or  radium  tube)  is  removed  at  different  distances 
from  the  fog  chamber  was  to  be  reinvestigated.  Associated  with  this 
experiment  is  the  occurrence  of  minima  of  nudeation  for  certain  dis- 
tances, supposing  the  exhaustion  to  be  suffidently  high  to  induce  con- 
densation of  ions  and  colloidal  nucld  in  presence  of  each  other.  Finally, 
if  the  rate  of  decay  of  ions  can  be  inferred  from  independent  dectrical 
experiments,  a  method  for  the  standardization  of  coronas  is  presented 
which  bids  fair  to  be  the  most  satisfactory  solution  of  the  problem 
suggested.  The  method  admits  of  a  determination  not  only  of  the  rela- 
tion of  the  nudei  corresponding,  in  a  given  case,  to  two  different  coronas 
(c{gt,  par,)t  but  of  the  absolute  nudeation  involved.  There  is  also  a 
possibility  of  detecting  in  this  way  how  a  given  mass  of  predpitated 
water  is  distributed  among  nuclei  of  different  sizes  when  occurring 
together — one  of  the  most  important  of  the  problems  outstanding  in 
connection  with  this  apparatus. 

Chapter  IV  adduces  a  variety  of  results  for  colloidal  nuclei  in  media 
other  than  air-water.  It  is  shown,  for  instance,  that  there  is  no  evidence 
to  prove  the  colloidal  nuclei  in  a  medium  of  carbon  dioxide  and  water 
are  larger  than  in  the  normal  case  of  air  and  water,  in  spite  of  the 
presence  of  the  coercible  gas  in  which  groups  of  larger  molecular  aggre- 
gates would  be  anticipated.  On  the  other  hand  relatively  large  colloidal 
nuclei  do  seem  to  occur  in  a  medium  of  air  and  alcohol  vapor.  Thus 
it  is  suggested  that  colloidal  nuclei  in  dust-free  wet  air  are  to  be  associated 
with  the  saturated  vapor  and  that  the  gas  is  only  secondarily  involved. 

In  Chapter  V,  undertaken  by  Miss  L.  B.  Joslin  under  my  direction,  a 
systematic  comparison  is  worked  out  of  the  relations  between  the  num- 
ber of  ions  in  the  atmosphere  and  the  corresponding  dust  contents  in 
the  lapse  of  time.  No  direct  connection  is  apparent,  whence  it  follows 
that  as  the  nudeation  is  largely  of  local  origin,  other  sources  must  be 
looked  to  for  the  ionization,  or  that  the  enormous  local  output  of  ions 
from  an  industrial  community  vanishes  so  rapidly  as  to  be  quite  negli- 
gible. On  the  other  hand,  it  may  be  possible  to  detect  evidences  of 
"absorption"  in  the  curves  obtained.  Inddentally  the  nudeation  of 
the  atmosphere  of  Providence  during  nearly  four  years  is  exhibited. 
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Finally,  in  Chapter  VI,  I  return  to  the  problem  begun  in  Chapter  I, 
to  see  whether  there  is  any  change  in  the  colloidal  nucleation  of  dust- 
free  air,  such  as  might  be  ascribed  to  the  ionization  produced  by  some 
penetrating  cosmical  radiations  coming  from  without;  for  it  was  to 
be  the  plan  of  these  researches  to  study  the  ordinary  dust  content  of 
the  atmosphere  with  regard  to  its  variation  in  the  lapse  of  time  first,  and 
thereafter  to  continue  in  the  same  way  with  the  nucleation  of  the  dust- 
free  atmosphere.  This  nucleation  is  found  to  increase  synchronously 
with  the  decrement  oi  the  barometer;  but  as  the  amount  of  adiabatic 
cooling,  i,  e.,  the  efficiency  of  the  apparatus  {ctet,  par,),  follows  the  same 
conditions,  it  is  extremely  difficult  to  disentangle  the  two  effects.  Never- 
theless the  results  are  of  considerable  interest  and  they  are  therefore 
reported  in  their  present  state  of  progress. 

My  thanks  are  due  to  Miss  L.  B.  Joslin,  who  not  only  gave  efficient 
assistance  in  the  preparation  of  the  manuscript  and  of  the  drawings  for 
the  press,  but  contributed  much  of  the  work  in  Chapter  III,  section  6a, 
and  Chapter  V, 

Carl  Barus. 
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CHAPTER  I 

EARLY  SUCXXSSIVE  STAGES  OF  THE  EFFICIENCY  OF  THE  FOG  CHAMBER 

AND  ALLIED  RESULTS. 

Before  beginning  the  main  subject  of  this  chapter  (see  section  2),  it 
is  advisable  to  add  a  few  measurements  of  the  distributions  of  ions  pro- 
duced within  the  fog  chamber  by  the  X-rays  or  by  radium  acting  from 
without,  since  these  occurrences  must  be  kept  in  mind  throughout  the 
measurements.  Again,  the  effect  of  different  classes  of  nuclei  (persistent 
nuclei,  ions,  and  colloidal  nuclei)  in  presence  of  each  other  is  similarly 
important  and  direct  light  must  be  thrown  upon  it  preliminarily. 

Under  all  conditions  the  fog  chamber  is  attached  to  a  large  vacuum 
chamber  by  a  rigid  passage-way  of  the  length  and  diameter  specified,  the 
ratio  of  the  volumes  of  the  two  chambers  being  about  as  6  to  100,  respec- 
tively. Moreover,  it  was  customary  to  read  off  the  drop  of  pressure  (8p) 
at  the  fog  chamber  (isolated  immediately  after  exhaustion  from  the 
vacuum  chamber)  when  isothermal  conditions  had  been  reestablished. 
The  observed  datum  suffices  for  the  comparisons  of  nucleation  when  the 
same  chambers  are  used  throughout;  but  it  will  be  shown  in  Chapter  II 
that  it  is  much  in  excess  of  the  true  drop  of  pressure  and  that  the  latter 
is  to  be  computed  from  the  initial  pressures  in  fog  and  vacuum  chambers 
and  the  final  pressure  when  both  are  in  contact,  all  under  isothermal 
conditions. 

After  completing  the  work  of  section  2  of  this  chapter,  a  few  appli- 
cations were  made  with  the  apparatus  in  its  state  of  partial  completion 
for  the  purpose  of  ascertaining  whether  there  is  any  discernible  change 
of  colloidal  nucleation  and  by  implication  of  ionization  in  the  stagnant 
air  within  the  scope  of  the  method.  Several  months  of  observation 
showed  none.  The  early  data  have  been  added  to  the  chapter  for 
convenience  in  chronology,  though  they  slightly  interrupt  the  contintiity 
of  the  research.  The  question  of  time  variation  is  taken  up  again  by  a 
different  method  in  Chapter  VI. 

DISTRIBUTION  OF  NUCLEI  WITHIN  THE  GLASS  FOG  CHAMBER.  WHEN 
THE  AIR  IS  ENERGIZED  BY  THE  GAMMA-RAYS  OR  THE  X-RAYS. 

1.  Introductory. — I  may  recall  at  the  outset  that  there  are  three 
classes  of  nuclei  to  be  considered  in  this  chapter,  the  first  of  which 
includes  the  ordinary  dust-like  or  persistent  kind.    They  may  be  sepa- 
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rated  from  the  air  by  the  filter  and  they  require  the  smallest  degree  of 
supersaturation  of  water  vapor  to  precipitate  condensation.  They  are 
usually  but  not  always  (necessarily)  foreign  bodies  in  the  air;  at  least 
they  are  producible  in  dust-free  air  by  the  X-rays  of  sufficient  intensity 
and  by  other  radiation.  The  second  class  comprises  the  fleeting  nuclei. 
They  are  often  charged  and  then  called  ions.  They  persist  for  very 
short  periods  of  time,  usually  vanishing  within  a  minute.  They  can 
be  maintained,  therefore,  only  in  the  presence  of  radiation,  corpuscular 
or  tmdulatory,  from  which  their  intimate  association  with  electrification 
or  with  ultra-violet  light  is  manifest.  Such  radiation  may  occtir  spon- 
taneously within  the  body  of  a  gas  during  the  state  of  generation.  The 
sizes  of  these  nuclei  are  intermediate  between  the  first  or  dust-like  class 
and  the  third  class.  This  comprises  the  colloidal  nuclei  of  dust-free  air, 
which  are  virtually  persistent,  inasmuch  as  they  are  a  structural  part  of 
the  body  of  the  gas  and  are  reproduced  as  soon  as  removed.  They  require 
the  highest  degrees  of  supersaturation  for  condensation  and  are  without 
electrification. 

All  these  groups  may  be  made  to  pass  continuously  into  each  other. 

I  shall  use  the  term  **nucleation"  to  denote  the  number  of  nuclei  per 
cubic  centimeter  observed  in  any  experiment.  It  will  be  understood 
that  this  means  the  efficient  nucleation;  for  nuclei  may  be  and  usually 
are  present,  which  are  not  detected  by  the  exhaustion.  They  are  com- 
puted in  the  present  chapter  from  the  angular  diameter  (0=5/30,  nearly) 
of  the  coronas,  for  a  given  supersaturation.  To  specify  their  number  one 
must  come  to  a  conclusion  as  to  whether  nuclei  are  removed  more  rapidly 
by  the  exhaustion  than  they  can  be  replaced  by  the  molecular  system, 
or  whether  the  reverse  is  the  case.  If  fleeting  nuclei  and  colloidal  nuclei 
are  supposed  to  be  instantly  reproduced  we  shall  call  the  number  n. 
None  are  then  virtually  removable  by  the  sudden  exhaustion.  Otherwise 
the  nucleation  (corrected  for  the  volume  expansion)  is  called  N.  In  this 
case  the  exhaustion  is  more  rapid  than  the  reproduction  of  nuclei.  Both 
n  and  N,  as  well  as  5,  will  usually  be  given  in  the  earlier  tables;  for  the 
discrimination  between  n  and  N  is  not  possible,  and  5  is  specially  favor- 
able to  the  small  nucleation  which  are  apt  to  be  crowded  out  of  the 
diagrams  for  n  and  N. 

Returning  to  the  subject  of  this  section,  I  may  state  that  the  radium 
used  was  a  weak  sample  (10  mg.,  10,000  X)  hermetically  sealed  in  a  thin 
aluminum  tube.  In  an  earlier  paper  I  showed  that  whereas  the  nuclea- 
tion produced  decreased  very  rapidly  with  the  distance  of  the  energizer 
from  the  outside  of  the  cylindrical  glass  fog  chamber,  the  number  of 
nuclei  within  was  apparently  the  same  throughout  the  length  of  the  axis. 
Pressure  differences,  however,  were  usually  kept  below  the  fog  limit  of 
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air.  As  the  aluminum  tube  was  carefully  sealed  (ground  screw  plug  and 
wax)  the  beta-  and  gamma-rays  are  here  alone  in  question,  and  as  the 
bottom  of  the  fog  chamber  through  which  the  radiation  passes  may  be 
I  cm.  thick  and  the  walls  are  everywhere  more  than  0.2  cm.  thick,  only 
the  more  penetrating  beta-rays  are  active  to  reenforce  the  gamma-rays. 
In  fact  the  earlier  work  showed  that  the  rays  after  passing  i  cm.  of  lead 
produced  an  amount  of  nucleation  only  30  per  cent  less  than  in  the 
absence  of  the  dense  barrier.  Thus  the  whole  phenomenon  is  practically 
a  question  of  the  intensity  of  the  gamma-rays. 

In  the  course  of  the  work,  ctiriously  enough  a  number  of  contradictory 
conclusions  were  reached,  and  it  will  therefore  be  advisable  to  report  the 
results  chronologically,  beginning  with  the  data  for  low  pressure  differ- 
ences. 


Tabim  I. — Distribution  of  nucleation  within  the  glass  fog  chamber  (43  cm.  long,  14 
cm.  in  diameter);  nucleator,  radium  in  thin  aluminum  tube.  ^p^2i  cm.  Radium 
atDcm.  from  end,  axially  without.  Lines  of  sight  (two  goniometers,  s^  and  s^  15 
cm.  and  35  cm.  from  end  nearest  radium,  or  20  cm.  apart. 
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2.  Data. — ^The  cylindrical  glass  fog  chamber  (fig.  i),  rigorously  free 
from  leakage,  was  placed,  with  its  axis  horizontal,  in  such  a  way  that  a 
prolongation  of  the  latter  intersected  the  radium  tube  at  a  distance,  D. 
Two  goniometers  with  their  lines  of  sight  about  20  cm.  apart,  and  15  and 
35  cm.  from  the  end  (bottom)  of  the  fog  chamber  nearest  the  radium 
tube,  were  used  nearly  at  the  same  time  for  the  measurement  of  the 
apertures  of  the  coronas  seen  along  the  axis.  Both  were  placed  with  the 
pins  nearly  contiguous  to  the  walls  of  the  cylinder,  so  that  the  eye  was 
at  a  minimum  distance  of  30  cm.  off.  All  the  phenomena  may  in  this 
case  be  more  clearly  observed  and  the  small  coronas  are  less  liable  to  drop 
out  before  the  measurement  has  been  completed.     The  source  of  light 
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(Welsbach  mantle)  was  250  cm.  beyond  the  fog  chamber.  Usually  the 
angular  diameter  of  the  coronas  is  about  5/30.  In  table  i,  5|  refers  to 
the  goniometer  nearer  the  radium,  53  to  the  other,  and  A^i  and  A^,  are  the 
corresponding  nucleations,  when  D  is  the  distance  of  the  radium  tube 
from  the  end  of  the  cylinder. 

After  the  influx  of  filtered  air,  time  was  always  allowed  for  the  dissi- 
pation of  convection  currents.  There  was  some  difficulty  in  reading  both 
goniometers  consecutively  without  loss  of  time,  as  the  small  coronas  soon 
vanish  with  the  subsidence  of  the  fog  particles.  It  was  necessary  to 
cleanse  the  walls  carefully  before  beginning  the  work  to  obviate  deposits 
of  dew. 


Fio.  I. 


Fig.  3- 


Pic.  4- 


Figs,  i,  3,  4. — Types   of   cylindrical  fog  chamber.     Axial  section.     E,  exhaust  pipe; 

c,  cloth  partitions. 
Pig.  2.— Nucleation  (JV)  due  to  weak  radium  at  different  distances  from  and  on  top 

(side  of  cylinder)  of  the  fog  chamber.     Table  i . 


The  table  gives  evidence  of  a  small  difference  between  N^  and  iV',  but 
this  is  here  unquestionably  an  observational  error,  particularly  as  its 
sign  is  often  reversed.  The  chart  (fig.  2)  then  shows  the  mean  number 
of  nuclei  within,  when  the  radium  is  at  £>«o,  20,  and  40  cm.  from  the 
end;  and  while  the  nucleation  drops  off  rapidly  from  100  to  45  and  24 
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per  cent,  respectively,  the  nucleation  within  is  about  constant  throtigh- 
out  the  45  cm.  of  length  of  cylinder.  At  least  an  internal  drop  to  less  than 
one-fourth  is  out  of  the  question,  as  the  diagram  shows.  It  must  be 
remembered  that  the  nucleation  is  produced  instantly  to  saturation,  that 
all  nucleation  will  vanish  with  the  removal  of  the  radium  to  infinity 
within  a  few  seconds,  and  that  the  ions  here  in  question  are  relatively 
large  nuclei  as  compared  with  the  colloidal  nuclei  of  dust-free  air.  The 
latter,  moreover,  are  quite  ineffective  at  the  observed  pressure  differ- 
ence, ^/>  B  2 1 ,  used.  If  larger  pressure  differences  appear  the  restdts  are 
usually  quite  different. 

3.  Explanation. — ^To  account  for  these  remarkable  results  is  difficult. 
Convection  is  probably  out  of  the  question,  though  it  will  be  quite  elim- 
inated in  the  following  experiments.  One  may  hazard  the  suggestion 
that  the  effective  agency  outside  of  the  cylinder  are  the  gamma-rays 
directly,  whereas  within  the  cylinder  the  ionization  produced  by  those 
rays  secondarily  is  in  question.  In  other  words,  the  gamma-rays  do  not 
act  here  directly,  but  the  nuclei  are  produced  by  corpuscles  set  free  by 
these  rays.  The  medium  within  the  cylinder  is  thus  in  a  state  resembling 
an  electrolytic  medium  having  the  same  ionic  pressure  throughout. 
It  is  this  ionic  pressure  depending  on  the  density  and  speed  of  the  cor- 
puscles which  is  transmitted  instantaneously  from  end  to  end  of  the 
cylinder.  To  refer  to  the  phenomenon  as  diffusion  wotdd  be  obscure 
without  a  statement  as  to  what  diffuses.  The  ionic  nucleus  is  relatively 
a  fixture  and  could  not  diffuse,  in  the  time  specified,  to  the  far  end  of 
the  cylinder,  quite  apart  from  decay. 

4.  Further  experiments  with   radium.      High  exhaustions. — In  the 

preceding  experiments  the  wet  cloth  partition  was  about  lo  cm.  above 
the  surface  of  the  water  below.  In  the  new  chamber  shown  in  fig.  3,  the 
distance  has  been  reduced  to  5  cm.  Under  these  circumstances  a  very 
marked  gradation  of  the  number  of  efficient  nuclei  was  observed  for  the 
first  time.  This  is  not,  however,  due  to  the  supposed  elimination  of 
convection,  but  rather  to  the  large  pressure  difference  applied  in  the 
experiments.  The  restdt  follows  in  table  2.  When  the  radium  tube  is 
placed  at  T  (fig.  i)  symmetrically  on  the  side,  the  metal  cap  virtually 
becomes  the  source  of  nuclei,  or  better,  it  seems  to  become  secondarily 
active  more  intensely  than  the  remainder  of  the  glass  chamber.  The 
coronas  obtained  with  two  goniometers  at  distances  1 1  and  36  cm.  from 
the  brass  end  and  35  and  10  cm.  from  the  glass  end  are  rapidly  larger  as 
the  brass  end  is  approached.  The  ratios  of  the  H-values  is  greater  than 
3:S-    These  conditions  are  retained  indefinitely  so  long  as  the  radium  is 


VAPOR   NUCLEI   AND   IONS. 


present,  showing  that  the  result  is  not  incidental.  As  both  ends  of  the 
chamber  were  about  equidistant  from  the  radium,  it  would  appear  to  be 
the  excess  of  the  secondary  radiation  from  the  metal  cap  which  is  in 
question. 


Tabia  2. — Distribution  of  nudeation  within  the  glass  fog  chamber  (as  in  table  i) 

and  allied  results. 


s. 


N  XIQ- 


N  XIQ- 


I.  Radium  tube  on  side  of  glass  fog 
chamber.  Two  goniometers,  I  at 
II  cm.  and  II  at  36  cm.  from 
brass  cap,  46  cm.  from  glass  end. 
dp  ■■  26.0  cm. 
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No.  I 
No.  II 

No.  I 
No.  II 


6.6 
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4.7 

38 

6.6 

95 

4-4 

30 

147 

59 

147 
46 


II.  Radium  on  glass  end,  i  cm.  thick; 
observation  I  at  10  cm.  and  II 
at  35  cm.  from  end.    dp  -  26. 
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Nxio' 


Nxicr-*, 


III.  Radium  at  00 .    Lapse  10 ■. 


26.5 
30.8 


32 

*7.4 


II 
"4 


17.4 
195 


IV.  Radium  on  brass  plate,  i  cm. 
thick. 


'  Three  hotin  later  no  interference. 


'wrg. 


5.  The  same,  continued.  X-rays. — After  finding  that  the  fleeting 
nucleation  within  the  fog  chamber  was  unequally  distributed  under  the 
excitation  of  radium,  similar  experiments  were  tried  with  the  X-rays, 
using  the  fog  chamber  (fig.  4)  with  four  horizontal  wet  cloth  partitions 
2  to  3  cm.  apart  to  obviate  convection.  The  results  given  in  the  first 
part  of  the  following  table  are  definitely  affirmative.  When  the  X-ray 
bulb  is  near  the  fog  chamber,  the  nucleation  nearer  the  bulb  is  decidedly 
in  excess.  Thus  when  the  line  of  sight  is  30  and  50  cm.  from  the  anti- 
cathode,  the  farther  nucleation  is  about  60  per.  cent  of  the  nearer. 

If,  however,  the  bulb  is  relatively  far  away  (Z>=«ioo  or  200  cm.),  the 
end  of  the  fog  chamber  farthest  from  the  bulb  and  near  the  brass  cap  is 
more  actively  ionized.  In  other  words,  under  these  circumstances  the 
secondary  radiation  from  the  brass  cap  predominates.  The  nucleation 
at  10  an(}  30  cm.  from  the  latter  shows  a  decrement  of  20  per  cent,  for 
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instance,  passing  continuotisly  from  the  high  to  the  lower  values.  This 
experiment  throws  light  on  the  function  of  the  walls  in  producing  dis- 
tributions in  case  of  persistent  nuclei.  Obviously  the  effect  of  secondary 
radiation  decreases  rapidly  as  the  distance  from  the  walls  increases.  The 
nucleation  within  the  fog  chamber  is  probably  largely  due  to  this  kind 
of  radiation. 

6.  The  same,  continued.  Miscellaneous  tests. — In  the  second  part 
of  table  3,  experiments  with  radium  are  resumed  for  comparison.  The 
gradation  of  number,  decreasing  from  the  brass  end  to  the  glass  end,  for 
a  symmetrical  position  of  the  radium  tube  at  T,  fig.  i,  is  very  marked, 
as  usual;  while  the  case  for  radium  at  R,  fig.  i,  again  shows  the  largest 
coronas  at  the  end  of  the  tube,  the  distribution  being  more  nearly  uni- 

Tabus  3. — IMstribution  of  ions  within  glass  fog  chamber.  Metallic  (brass)  cap  at  one 
end,  glass  end  opposite  i  cm.  thick.  Lines  of  sight  10  cm.  (s^^)  and  50  cm.  {s„) 
from  brass  end,  15  cm.  and  35  cm.  from  glass  end.    X-ra3rs  acting  from  distance  D. 
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I  LtLTge  corona*  near  brass  cap.    Secondary  radiation  preponderating. 


form.  Thereafter  the  radium  was  placed  in  positions  S,  T,  S',  on  top, 
successively,  with  the  results  for  T  graded  about  as  usual.  Raditun  at 
5  still  evokes  gradation,  but  the  coronas  are  even  much  smaller  than 
when  the  radium  is  placed  on  the  thick  glass  end  at  R,  When  raditun  is 
placed  at  5'  near  the  glass  end  gradation  is  nearly  absent,  but  the  coronas 
are  again  small.  The  results  are  therefore  not  as  simple  as  was  antici- 
pated and  do  not  admit  of  an  explanation  merely  in  terms  of  the  glass 
penetrated. 
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When  the  radium  tube  is  attached  to  the  glass  end  (about  i  cm. 
thick),  similar  gradations  are  observed,  but  this  time  with  the  large 
coronas  near  the  radium  tube.  (See  fig.  $•)  The  ratio  of  n-values  is 
now  about  2  for  the  given  distances.  The  law  of  variation  is  difficult  to 
obtain  in  any  of  these  cases,  but  when  the  brass  end  is  predominatingly 
active,  the  reduction  of  n-values  is  nearly  proportional  to  distance,  if 
the  usual  mean  values  of  5  be  taken  together  with  the  special  observa- 
tions. 
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Fig.  5. — Density  of  ionization  (N)  within  the  fog  chamber  at  different 
distances  (Z>)  from  thL  brass  end.     Table  3. 


In  view  of  the  action  of  the  glass  end  when  the  radium  is  attached 
to  it,  it  seems  possible  that  the  glass,  large  thicknesses  of  which  are 
always  penetrated  and  permeated  obliquely  by  the  radiation,  may  be 
active  in  both  cases,  but  special  inquiry  is  needed  here.  The  glass 
cylinder  was  found  to  be  thinner  (about  0.15  cm.)  near  its  equatorial 
parts  (r),  and  to  increase  in  thickness  towards  both  ends.  If,  how- 
ever, the  phenomena  were  due  to  thickness  of  glass  the  coronas  should 
be  largest  near  the  middle  and  taper  down  toward  both  ends  of  the  fog 
chamber.  This  is  not  the  case,  as  the  coronas  for  a  symmetrical  position 
of  the  radium  tube  decrease  regularly  from  the  brass  to  the  glass  end 
of  the  apparatus. 

If  the  radium  tube  is  placed  on  the  outside  of  the  brass  cap,  one 
cm.  thick  or  more,  there  is  the  usual  moderate  reduction  of  nucleation 
here,  from  n«=6s  to  n«24  thousands  (63  per  cent);  but  the  change  of 
diameter  of  coronas  within  is  of  the  same  kind,  decreasing  from  the 
brass  to  the  glass  end,  as  above. 
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7.  Distance  effects  of  radium. — To  throw  further  light  on  present  and 
preceding  questions  at  issued  I  shall  next  anticipate  some  of  the  work 
below  and  describe  certain  experiments  specially  adapted  for  the  pur- 
pose. By  **dust-free  air"  I  mean  atmospheric  air  filtered  with  extreme 
slowness  (through  large  wide  filters  of  packed  cotton)  and  thereafter 
left  without  interference  for  two  or  more  hours.  Such  air  shows  a  high 
fog  limit.  In  the  fog  chamber  used  the  condensation  began  at  an 
observed  pressure  difference  of  about  dp  =  26  cm. ;  rain-like  condensation 
at  dp^2i  cm. 

In  the  present  experiments  all  tests  are  made  at  ^/>-"4i.5  cm.,  at 
a  pressure  difference  therefore  much  above  the  fog  limit,  and  probably 
approaching  the  condensing  power  of  the  apparatus.  The  number  of 
nuclei  computed  from  the  coronas  observed  is  an  estimate  merely,  as 
the  constants  needed  for  the  very  large  range  of  variation  in  question 
are  not  available.  Nevertheless  if  the  same  dp  is  used  throughout,  the 
nucleations  obtained  are  immediately  comparable.  With  these  reser- 
vations the  number  of  nuclei  found  in  the  dust-free  air  and  at  the  dp 
in  question  is  about  A^  =»  380  X  lo*  to  400  X  lo',  per  cubic  centi- 
meter. It  is  obvious,  moreover,  that  these  nuclei  are  excessively  small, 
much  smaller  than  ions,  smaller  even  than  those  which  would  respond 
to  smaller  dp'^  exceeding  dp ^26  cm. 

Let  the  fog  chamber  (fig.  i)  be  subjected  to  the  radiations  from  weak 
radium  (10,000  X,  10  mg.)  contained  in  a  thin  hermetically  sealed 
aluminum  tube.  As  the  walls  of  the  fog  chamber  are  o.i  to  0.3  cm.  thick 
and  the  end  (bottom)  toward  the  tube  nearly  i  cm.  thick,  y-rays  only 
will  penetrate  into  the  inside,  apart  from  the  secondary  radiation  there 
produced.  As  shown  in  fig.  i  (cylindrical  fog  chamber)  the  radium 
tube  R  is  at  an  axial  distance  D  from  the  nearer  end.  In  addition  to 
this  the  raditun  was  also  tested  at  T  (top)  in  the  figure,  where  it  is 
nearest  the  body  of  dust-free  air  under  experiment. 

The  data  investigated  are  shown  in  table  s  and  in  the  curve  (fig.  6), 
where  the  abscissas  are  the  distances  D  and  the  ordinates  the  number 
of  efficient  nuclei  per  cubic  centimeter. 

It  follows  from  the  graph  that  as  the  radium  is  brought  in  an  axial 
direction  from  00  to  the  end  of  the  fog  chamber,  the  number  of  efficient 
nuclei  in  the  dust-free  air  contained  is  gradually  but  enormously  reduced 
to  a  minimum  for  Z>»25  cm.  (about),  after  which  the  number  again 
increases  to  the  maximum  at  D  *-o.  Curiously  enough,  when  the  raditun 
was  further  approached  to  the  body  of  the  air  by  being  placed  at  T, 
the  mean  ntimber  of  nuclei  did  not  increase.* 

*Thi8  result  is  to  be  further  interpreted  in  special  experiments  below. 
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If  the  radium  is  inclosed  in  a  long,  thick  lead  tube  (60  cm.  long,  walls 
0.5  cm.  thick),  the  nucleation  is  but  moderately  reduced  (see  crosses  in 
fig.  6),  showing  that  gamma-rays  are  in  question. 

Tabl«  4. — Radium  effect  at  high  pressure  differences,    dp  -41.5  cm.;  s  (air)  "-7.5;  D, 

from  end  of  fog  duunber. 
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1  Radium  tube  in  lead  pipe  wmOe  5  cm.  thick. 


*  Lead  radiatioii. 


Fig.  6. — EflBdent  nucleation  (N)  near  the  middle  of  the  fog  chamber,  for  different  dis- 
tances (D)  of  radium  from  the  end  and  for  different  exhaustions  (dp).  Table  4. 

8.  Cause  of  the  minimum  and  the  maximum. — ^This  is  easily  explained, 
since  the  ions  are  relatively  large  bodies  and  relatively  few  in  number 
as  compared  with  the  nuclei  of  dust-free  air  for  the  same  8p,  Hence 
the  ions  capture  the  moisture  more  and  more  fully  as  their  number, 
with  diminishing  distance  D,  becomes  greater.  At  Z7*-as  cm.  probably 
the  whole  of  the  moisture  is  condensed  on  ions,  and  as  their  ntunbcx 
increases  as  D  vanishes  the  minimum  in  question  results.     In  fact*  it 
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was  shown  elsewhere  that  below  the  fog  limit  of  air,  the  nucleation 
observed  and  due  purely  to  radium  at  different  distances,  D,  is,  for 
example  (^/>""22), 
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agreeing  in  character  as  far  as  may  be  expected  with  the  data  here  in 
question.  These  data  mtdtiplied  by  4  (in  other  words  411  X  lo""') 
are  also  given  in  fig.  6  for  comparison.  Hence  the  ions  caught  at  8p  » 
41. S  are  about  four  times  more  numerous  than  at  dp  ^22,  and  corre- 
spondingly smaller.  They  behave,  therefore,  as  if  they  were  markedly 
graded,  but  nevertheless,  as  a  group,  throughout  much  smaller  than 
the  nuclei  of  dust-free  air  so  long  as  the  radiant  field  is  appreciable. 
While  the  number  of  nuclei  continually  grows  smaller,  with  dimin- 
ishing D,  the  efficient  nuclei  may  nevertheless  increase  again  below  a 
certain  Z7,  seeing  that  the  colloidal  nuclei  in  dust-free  air  are  enor- 
mously in  excess,  only  a  few  of  which  are  caught  even  in  the  absence  of 
radium. 

Tabls  5. — Distance  effect  of  radium.    D  measured  from  side.    ^^«  35  cm. 


D. 

s. 

nxior-^. 

11  X IO-". 

CfH. 

CfH. 

250 

;7.6 

160 

300 

300 

«7.6 

150 

285 

150 

;7.6 

M5 

270 

ICO 

•7.3 

136 

255 

50 

*5.i 

56 

105 

25 

4.4 

35 

66 

12 

4.2 

30 

57 

0 

4.7 

45 

84 

Radium  at  00. 

Lapses  15" 

and  3". 

00 

4.1 

27 

51 

00 

»7.6 

160 

300 

^GBP.        'gyog'.        >wog. 


>wrg. 


It  wotdd  be  more  difficult  to  account  for  the  restdt  that  the  same 
nucleation  is  observed  wherever  the  radium  touches  the  outside  of  the 
elongated  fog  chamber.  In  other  words,  radium  at  the  end  of  the  chamber 
in  the  earlier  experiments  seemed  to  produce  the  same  mean  nucleation 
as  when  at  the  top,  although  the  distances  from  the  center  of  mass  of 
the  glass  are  as  3  to  x ;  but  the  above  experiments  have  already  sug- 
gested that  this  result  was  probably  an  incidental  case. 


12 


VAPOR   NUCLEI   AND   IONS. 


i$o 


9.  Further  experiments  with  radiiun* — Incidental  experiments  corre- 
sponding to  those  of  the  preceding  section  are  given  in  table  6,  showing 
the  reduction  of  the  efficient  nucleation  of  dust-free  air  when  the  radium 
tube  is  gradually  approached  to  the  sides  of  the  chamber.  They  are 
shown  graphically  in  fig.  7,  both  in  relation  to  5,  h,  and  A^,  and  need 
little  discussion.  The  minimum  position  lies  very  near  the  chamber 
and  about  10  cm.  from  it.    The  action  of  radium  is  hardly  perceptible 

beyond  i  meter,  chiefly 
because  the  gieen-blue- 
purple  corona  happens  to 
be  involved.  Sharper  re- 
sults could  therefore  be 
obtained  at  lower  pressure 
differences,  where  white- 
red-green  coronas  are  in 
question.  But  on  the 
whole  it  is  clear  that  ra- 
diation which  appreciably 
lowers  the  asymptote  cor- 
responding to  dust-free 
non-energized  air  must  be 
of  an  intensity  exceeding 
the  effect  of  10  mg.  of  weak 
radium  (10,000 X),  at  a 
distance  of  i  meter.  There 
does  not,  therefore,  seem 
to  be  much  hope  of  ob- 
serving cosmical  radiations 
in  this  way.  Finally  the 
second  part  of  table  6  (and 
other  data  below)  shows 
how  soon  the  high  nuclea- 
tions  of  dust-free  air  (non-energized)  is  regained  after  the  removal  of 
the  radium  tube.  The  rapidity  with  which  ionized  nuclei  fall  apart  is 
obtainable  in  this  way  and  well  worthy  of  special  research.  (Cf .  Section 
62  et  seq.) 

10.  Distance  effect  of  penetrating  X^^iation. — The  question  at  issue 
was  whether  the  rays  which  have  penetrated  lead  are  characterized 
by  the  same  marked  distance  effect  which  is  observed  for  radium.  The 
fog  chamber  was  inclosed  in  a  close-fitting  lead  casket  with  two  narrow 
side-windows  for  observation.    The  end  of  the  casket  toward  the  bulb 


Pio.  7. — Efficient  nucleation  {N)  and  coronal  aper- 
ture (5)  for  di£Ferent  distances  (D)  of  radium  from 
end  of  fog  chamber  and  for  different  exhaustions 
{dp).    Tables. 
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was  provided  with  a  lid  to  be  opened  or  closed  at  pleasure.  When  the 
distance  is  D'=$o,  about  8  per  cent  of  the  radiation  passes  through; 
when  D'^io  cm.  the  amount  is  about  17  per  cent.  Unfortunately  the 
observation  through  the  window  is  not  satisfactory  and  no  doubt  a 
certain  amotmt  of  radiation  enters  here  secondarily.  It  is  therefore 
difficult  to  carry  out  the  comparison. 

Tabls  6. — ^Penetration  through  lead.    Lead-cased  glass  fog  chamber.    Plates  of  lead 

0.14  cm.  thick,  dp'*  24.5. 


Lead  case— 

D. 

s. 

n  X  io~". 

On:  end  closed 

50 

50 
10 
10 
10 

15 
15 

2.7 

3.1 
gBP. 

3.8 

3.5 

3-5 
wo  g  7.0 

/  gBP  to 

\  w  P  cor. 

6.7 
9-5 
100 

19.5 

16.5 

16.5 
104 

130 
156 

On:  end  open 

On :  end  closed ......... 

On :  end  closed 

On:  end  closed 

OflF:  plate  only 

Off;  no  plate 

Largo  ootohm  near  braaa  cap.    Secondary  radiation. 

11.  General  inferences. — ^The  occurrence  of  a  continuous  succession 
of  groups  or  gradations  of  nuclei  in  the  curve  of  figs.  6  and  7,  each  of 
which  groups  constitutes  a  condition  of  chemical  equilibrium  for  the 
given  radiating  environment,  is  suggestive.  In  the  first  place,  it  may  be 
recalled  that  the  nuclei  of  dust-free  air  are  an  essential  part  of  this  body 
as  much  as  the  molecules  themselves.  Such  nuclei,  if  withdrawn  by 
precipitation,  are  at  once  restored.  Again,  air  left  without  interference 
for  days  shows  a  maximum  of  this  nucleation  for  the  given  conditions  of 
exhaustion  when  all  foreign  nucleation  must  have  vanished.  Indeed, 
the  water  molecules  themselves  may  be  treated  as  a  continuous  part 
of  the  nucleation  in  question,  the  frequency  of  occurrence  being  a  maxi- 
mum for  the  molecular  dimensions.  It  is  best,  however,  to  reserve  dis- 
cussion for  a  later  paragraph  (section  43). 


THE  NUCLEATION  OP  FILTERED  AIR  IN  RELATION  TO  DIFFERENT 

SUPERSATURATIONS  OF  WATER  VAPOR. 

12.  Successive  series  of  results. — Before  proceeding  with  an  account 
of  the  change  of  the  efficient  colloidal  nucleation  of  atmospheric  air  in 
the  lapse  of  time  and  other  like  problems,  it  is  expedient  to  consider  the 
behavior  of  filtered  air  when  subjected  to  different  exhaustions.    I  will 
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proceed  chronologically,  taking  the  earliest  experiments  first.  These 
may  be  given  with  sufficient  detail  in  a  chart  like  figure  8,  in  which 
the  lower  graph  (I)  shows  the  data  obtained  in  the  earlier  memoirs 
with  a  wooden  fog  chamber.  The  observed  pressure  differences  (super- 
saturations)  are  laid  off  horizontally,  the  apertures  of  the  coronas 
(s  -:  ^/3o,  nearly,  where  ^  is  the  angular  radius  to  the  outside  of  the  first 
ring,  when  the  eye  and  the  source  of  light  are  at  distances  85  and  250 
cm.  on  opposite  sides  of  the  fog  chamber)  and  the  nucleations  vertically. 
No  particular  attention  was  given  to  the  occurrence  of  rain,  and  the 
measurements  cease  at  the  lower  end  with  the  measurably  visible 
coronas.  It  is  seen  that  the  curve  very  soon  reaches  an  asymptote, 
showing  hopelessly  poor  efficiency.  As  the  work  was  carefully  done, 
the  only  explanation  would  seem  to  be  that  the  speed  of  filtration  was 
insufficiently  slow  and  the  exhaustion  insufficiently  rapid  (small  vacuum 
chamber).  The  same  remarks  apply  to  the  graph  (figure  8,  II),  ob- 
tained in  a  decreasing  march  of  pressure  difference,  at  the  beginning 
of  the  work  with  the  glass  fog  chamber  (fig.  i);  but  the  asymptote  is 
higher.  The  fog  limit  in  this  case  is  lower  and  attributable  to  nuclei 
which  have  entered  unobserved,  as  it  is  much  below  the  values  for 
more  carefully  filtered  air.  The  first  observation,  having  been  made 
with  the  apparatus  at  rest  for  1 2  or  more  hours,  shows  a  very  high  but 
probably  more  nearly  correct  restdt. 

Figure  8  also  contains  the  corresponding  nucleations,  A^,  so  far  as 
they  can  be  computed,  supposing  that  the  nuclei  are  removed  faster 
than  they  can  be  restored.  For  high  pressure  differences  the  data  are 
necessarily  estimates.  Naturally  the  differences  between  the  data 
obtained  after  long  waiting  (12  hours  or  more),  and  those  obtained  in 
succession  after  intervening  intervals  of  a  few  minutes,  are  enormously 
accentuated. 

It  follows  from  these  restdts  that  if  normal  data  were  to  be  reached 
it  would  in  the  first  place  be  necessary  to  perfect  the  method  of  filtration. 
This  was  done  by  providing  the  filter  with  a  very  fine  screw  stopcock, 
by  which  the  rate  of  flow  through  the  filter  could  be  diminished  very 
gradually  to  a  vanishing  value. 

The  next  group  of  results,  obtained  on  May  21,  23,  and  30,  and  on 
June  3,  were  found  under  conditions  of  very  slow  filtration.  They  are 
sufficiently  reproduced  in  the  graphs  (figs.  9, 10,  i  i),in  which  the  abscissas 
are  the  pressure  differences  and  the  ordinates  the  coronal  diameters  (5) 
and  the  nucleations  (n  and  N),  respectively,  as  specified.  The  graphs  for 
$  are  perhaps  most  suitable  for  discussion,  although  $  exhibits  the  small 
nucleations  with  very  great  advantage.  The  data  for  May  21  are  in 
the  main  much  above  those  in  fig.  8,  but  they  are  still  far  too  low  and 
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irregular.  The  other  data  are  much  larger  and  as  far  as  dp  — 30  lie 
su£Bciently  near  together  to  show  that  limiting  conditions  are  being 
approached.  Beyond  this  the  curves  diverge  widely.  The  highest 
results  reached  are  those  of  May  30.  On  June  3  a  change  takes  place 
during  the  course  of  the  experiment,  as  the  result  of  which  the  incoming 
and  outgoing  curves  differ.  In  all  cases  there  is  a  distinct  tendency  to 
approach  a  limit  after  3p  exceeds  37  cm.,  due  to  the  limitations  of 
the  apparatus. 


Fws.  8,  9,  and  10. — Early  data  of  efficient  aucleationa  IN, »)  and  coronal  diameter  {t), 
appearing  at  different  exhaustions  (,3p)  In  dust-free  air.    Imperfect  (og  diamber. 

The  characteristic  feature  of  all  the  nucleation  curves  is  the  n^id 
increase  between  dp  —  a-]  and  30  cm.;  that  is,  during  the  early  (xmrnal 
stipes.  Below  this  the  relatively  large  nuclei  are  present  at  least  as  far 
as  dp^ii  to  the  extent  of  a  few  thousand  per  cubic  centimeter.  Never- 
theless, it  is  their  variation  which  brings  about  the  sinuous  outline  of 
the  curves  above  Sp  —  a,  seeing  that  large  nuclei  are  overshadowingly 
effective. 
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On  the  stb  and  6th  of  August  a  aeries  of  experimentB  was  made  to  test 
the  effect  of  long  and  short  lapses  of  time  between  the  observatUms,  as 
well  as  the  displacements  of  lower  limits  of  the  curves.  The  results 
of  August  6  at  i)p—3S  show  that  1$  minutes  was  an  insufficient  time 
between  observations,  but  that  intervals  exceeding  30  minutes  (vea^ 


PiOS.  Ill  11)  13,  and  14. — Early  data  of  effident  nuckatkini  (N,  ■)  and  corona) diam- 
eter ((),  appearing  at  different  exhaustions  Up)  in  dutt-free  ab.  Imperfect  fof 
chamber, 
slow  filtration  presupposed)  are  liable  to  show  the  true  efficient  nucle- 
ation  at  the  time  of  experiment.  Direct  experiments  made  under  con- 
ditions show  that  intervals  of  from  one  to  two  hours  will  in  all  cases 
be  sufficient  for  the  decay  of  extraneous  nuclei. 
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Tabls  7- — ^Nudeatkm  of  dust-free,  non-energized  and  energized  air,  di£Ferent  exhaus- 
tions, dp.  Lapse  about  15  min.  Barometer,  75.97  cm.  Piping  and  stopcock  of 
I -inch  gas  pipe. 


dp. 


s. 


nxicr-». 


Nxicr*. 


I.  Dust-free  air  not  energized. 


35- 1 
26.0 

26.3 

24.2 

22.6 

22.6 

21.0 


6.2 

2 

2.3 
1.2 

(?) 

5 
.0 


1 

t 


94 

2.7 
3.8 

(?) 
.2 

.0 


180 

3  9 
5.8 
2.1 

(?) 
.3 
.0 


II.  Radium  on  middle  of  side  of  fog 

chamber. 


21.0 
19.0 
19.0 
20.1 
22.4 
24.1 
26.0 
30.0 
35.0 


3-3 
(?) 

'5 
2.1 

4.8 

4-9 
5.2 
5.2 
51 


II 

(?) 

.2 

2.5 
37 
41 
52 
55 
56 


15 
(?) 
.3 
3-4 
53 
61 

80 

93 
106 


III.  Dust-free  air. 


35  0 

6.2 

94 

33  0 

5.8 

80 

31  1 

5.5 

68 

29  3 

5.2 

54 

27.6 

3.« 

10 

28.1 

3.8 

21 

26.3 

2.1 

3 

28.1 

3.8 

21 

29.6 

4-7 

41 

31.2 

5.3 

60 

33.1 

5.8 

80 

35.2 

•5.8 

82 

180 

143 
117 

9" 
16 

34 
4.7 

34 

70 
103 
143 
155 


IV.  X-ray  bulb.    D-ioo  cm.;  fronting 

bottom/ 


42.0 

•7.0 

146 

41-4 

•7.0 

145 

35  0 

•7.0 

134 

30.7 

•7.2 

131 

26.2 

6.5 

94 

24.0 

6.2 

79 

338 
332 
255 

222 
146 

"3 


dp. 


s. 


n  X  ID-'. 


N  X IO-*. 


IV  (continued).  X-ray  bulb.    D  - 100 
cm. ;  fronting  bottom.* 


22.7 

5.6 

20.9 

4.9 

18.8 

•?.9 

19.0 

?I.O 

19.0 

1.2 

59 

37 

.9 

•9 
1.2 


85 
53 

?1.2 

1.6 


V.  X-ray  bulb.    D^$o  cm. 


19.0 


1.2 


1.2 


1.7 


VI.  X-ray  bulb  0^2$  cm. 


19.2 
19.2 
18.2 
18.2 


1.7 

'1.3 
.0 
.0 


1.8 

1.3 
.0 

.0 


2.4 
1.8 

.0 

.0 


VII.  D-50  cm.  above'  fog  chamber. 


19.0 
19.9 
20.9 
21.3 
22.7 
24.4 
26.2 

27.7 
29.8 

•33.0 

34.9 

38.3 
42.0 


1.2 

2.9 

4-4 
5.6 
5.8 
wrg  7.3 
wog*  7 . 8 
wo'g  7 . 8 
gBP8.3 
gBP 
gBP 
gBP 
wog' 7.9 


1.2 

6.7 
26 


54 

63 

"7 

130 

135 
150 
156 
160 
167 
?i74 


1.6 

9.« 
36 

77 

9" 

175 
200 

217 

249 
281 

303 

346 

?400 


VIII.  D  -600  cm.  from  end. 


35.0 

33-7 
31.0 
28.0 
25.8 
24.2 
22.7 
20.9 
19.7 


It 


4.4 
4.6 

4.6 

4.6 

4.6 

4.6 

4.3 
3.0 

1-3 


35 

41 
40 

37 
36 

35 
26 

7.7 
«.3 


67 

75 
68 

60 
56 
52 
38 
II 
1.8 


at  onoe  and  iaint,  only  just  risible, 
rain)  obMnred. 
reopening;   tame  rMtdt. 
miimtea.     No  incremeiit  of  N 


*  M  kuse  w  r  g  oorooaa. 
'Coraoaa  dear  but  too  mall. 


'  Bottom  of  glaae  i  cm.  thick,  interferes  with  for- 
mation of  persistent  nuclei  even  at  short 
distances  Uke  as  cm.*-!). 

^Persistent  nudei  jnst  bM^  to  be  _ 
•  <  0.5  cm.  nuudmum  tor  fleeting  midel. 

•Next  day. 

"Smaller  than  air  coronas;  •  always  taken. 
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13.  Effect  of  X-rays  and  gamma-rays.  Data. — ^To  interpret  the  above 
results  it  will  be  necessary  to  vary  the  nucleations  of  the  dust-free  air 
artificially,  by  acting  on  it  from  the  outside  of  the  chamber  with  the 
X-rays,  or  with  the  gamma-rays  of  radium. 

In  these  experiments  the  glass  fog  chamber  (fig.  i),  rigorously  free 
from  leakage,  was  used  with  a  framework  of  wet  doth  within.  Filtration 
was  throughout  excessively  slow  and  all  other  precautions  were  taken. 
The  radium  in  the  hermetically  sealed  alumintmi  tube  was  pasted  to  the 
top  of  the  fog  chamber  at  T,  The  X-ray  bulb  was  adjustable,  so  as  to 
act  from  different  positions  at  distances  D, 

Table  8  shows  results  where  dp  is  the  pressure  difference,  5/30  the 
angular  coronal  diameter,  when  the  distances  of  the  eye  and  the  lamp 
are  35  cm.  and  300  cm.  from  the  fog  chamber.  The  small  distances  D 
(35  cm.)  enabled  the  observer  to  see  even  the  smallest  coronas  distinctly. 
The  nucleation  n  is  obtained  by  supposing  that  the  nuclei  are  restored 
faster  than  they  can  be  removed  by  exhaustion.  In  case  of  N  this  is  not 
the  case,  so  that  the  correction  for  volume  expansion  is  added.  For 
high  pressure  differences  the  absolute  numbers  are  not  trustworthy,  but 
the  data  given  nevertheless  show  the  relations  satisfactorily. 


Tabls  8. — Persistent  nuclei.    Exposure  2">.    D  measured  from  anticftthode  to  top 
of  fog  chamber.    Thick  (i  mm.)  aluminum  screen  (earthed)  interposed. 


D. 

dp. 

s. 

N  X  IQ-*. 

LP. 

D. 

dp. 

S. 

N  X  lo-*. 

LP, 

CM. 

Cfft. 

min. 

cm. 

CM, 

wUn. 

12 

18.0 

7.8 

140 

0 

30 

18.2 

3.0 

9 

I 

20 

18.6 

5.3 

56 

0 

18.2 

3.2 

12 

0 

18.4 

5.7 

67 

I 

50 

18.4 

.0 

0 

0 

30 

18.0 

2 

•   •  •   • 

0 

40 

18.3 

2.7 

7.2 

I 

18.0 

*4.o 

22 

I 

18.0 

I.O 

1.2 

I 

17.5 

30 

9 

2 

18.0 

I.O 

1.2 

I 

18.2 

2.7 

7 

0 

50 

18.0 

•5 

.1 

2 

18.2 

'3.1 

10 

I 

.... 

.5 

.1 

I 

SponUneoui  generation. 


*  Just  visible  before  felling. 


The  data  of  table  8  are  constructed  in  the  charts,  figs.  1 5  to  1 7,  showing 
the  s,  n,  and  N  curves  in  succession,  for  increasing  supersaturations. 
They  will  be  useful  for  comparison  with  the  advanced  work  below. 


14.  Persistent  nuclei. — ^Table  8  gives  the  corresponding  data  for 
persistent  nuclei.  Distances  are  here  measured  from  the  sides  of  the 
fog  chamber  where  the  glass  was  thinner  (about  0.2  cm.)  than  at  the 
end  (i  cm.).     No  persistent  nuclei  were  obtained  when  the  radiation 
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passed  through  the  end  of  the  fog  chamber  as  in  table  7.  To  guard 
against  direct  inductive  action  the  fog  chamber  was  covered  with  an 
earthed  plate  of  aluminum,  0.5  xom.  thick,  though  this  precaution  is 
superfluous.    The  table  shows  the  distance  (D)  of  the  anticathode  above 


Pigs.  15  and  t6. — Early  data  of  effident  nucleatioiu  (N,  n)  and  corooal  diameter  Is), 
appearing  at  dilTerent  exhaustions  (9p)  in  dust-free  air.  Imperfect  fog  chamber. 
(lUustrating  Uble  7) 

the  fog  chamber,  the  coronal  diameter  (s/30),  the  uucleation  {N;  n  would 
have  no  meaning  here),  and  the  time  elapsing  (Lp),  after  the  radiations 
are  cut  off  until  the  observations  are  made.  The  time  of  exposure  was 
usifonnly  a  minutes.    Longer  exposures  would  have  produced  seriously 
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distorted  coronas.     These  data  are  constructed  in  fig.  i8,  the  s  values 
being  dotted  and  the  N  values  drawn  in  full. 


f40 


120 


too 


300 


250 


200 


IB 


20         22         24  26  e$  30  32  34  3€  M 


Fig.  17. — Nucleation  (N)  for  different  exhaustions  {dp)  and  radiations. 

Bulb  distance. 
Fig.  18. — Persistent  nucleation  {N)  produced  by  X-rays  acting  from 

different  distances  (D)  from  the  glass  fog  chamber.     Table  9. 

15.  Persistent  nuclei  generated  through  tin  plate. — In  view  of  the 
ease  with  which  the  cylindrical  fog  chambers  may  be  made  rigorously 
air-tight,  it  seemed  worth  while  to  endeavor  to  produce  persistent 
nuclei  through  a  plate  of  tinned  sheet-iron,  0.03  cm.  thick  and  14  by 
20  inches  square.     In  the  following  trials  exposures  for  2  minutes  to  the 
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X-ray  bulb,  at  a  distance  of  about  12  cm.  between  the  anticathode  and 
the  glass  wall  (0.3  cm.  thick)  of  the  fog  chamber,  are  in  question.  The 
earthed  iron  plate  was  placed  between  bulb  and  chamber,  resting  on  the 
latter.  A  lapse  of  time  of  i  minute  was  allowed  after  the  radiation  had 
been  cut  ofE.  This  suffices  to  show  that  nuclei  of  the  persistent  kind 
have  been  entrapped.  Naturally  the  pressure  difference  used  precip- 
itated no  appreciable  fog  in  the  absence  of  radiation. 

These  results  show  conclusively  that  persistent  nuclei  may  be  pro- 
duced through  earthed  tin  plate,  provided  the  thickness  used  is  not 
excessive. 

Tabus  9. — ^Ptrsistent  nuclei  through  earthed  tinned  iron  plate,  0.03  cm.  dp—  25  cm., 
practically  below  fog  limit.  Exposure  to  X-rays,  2  minutes;  lapse,  i  minute;  obser- 
vation during  exposure. 
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*  Jp—  S4.5;  corona  too  faint  for  measurement,  but  definitely  present. 


16.  Discussion. — The  simplest  of  the  graphs  are  those  of  figure  18, 
showing  the  decrease  of  persistent  nuclei  as  the  bulb  is  gradually  removed 
(D  increasing  and  measured  from  the  side  of  the  chamber)  from  the 
apparatus.  This  decrease  is  very  rapid  and  implies  that  if  the  anti- 
cathode  were  actually  in  contact  with  the  glass  walls  the  production 
of  persistent  nuclei  in  2  minutes  would  be  enormous.  The  distortion 
of  the  coronas  resulting  tmder  these  circumstances,  as  detailed  in  the 
last  memoir,  is  not,  therefore,  surprising.  It  should  be  remembered  that 
the  rays  have  to  penetrate  more  than  2  mm.  of  glass.  On  the  whole 
the  action  is  very  much  like  what  C.  T.  R.  Wilson  describes  for  ultra- 
violet light. 

As  in  the  earlier  case,  there  is  secondary  generation;  i,e,,  the  number  of 
nuclei  is  larger  if  the  observations  are  made  at  i  or  2  minutes  or  more 
after  the  radiation  has  been  cut  ofE. 

With  the  given  apparatus,  persistent  nuclei  were  still  produced  for  a 
distance  of  0.5  meter  between  the  X-ray  bulb  and  fog  chamber,  though 
the  coronas  in  that  case  were  but  just  discernible  and  vanished  too 
rapidly  for  measurement.     The  corresponding  intensity  of  ionisation 
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is  then  near  the  point  of  transition  from  persistent  to  fleeting  nuclei, 
a  result  which  will  presently  be  made  use  of. 

The  pressure  difference  {dp  » i8  cm.)  used  throughout  is  (for  the  given 
apparatus)  far  below  the  fog  limit  for  dust-free  air  {dp  ■"  21  to  26). 

In  case  of  the  fleeting  nuclei  or  ions,  the  generation  is  instantaneous 
and  it  will  be  necessary  to  represent  the  data  (5,  n,  iV)  for  a  continuoos 
series  of  supersaturations  for  each  of  the  five  intensities  of  ionisation 
applied,  beginning  with  non-energized  dust-free  air.  These  are  given 
for  both  increasing  and  decreasing  values  of  dp,  the  latter  being  at  times 
larger  (as  would  be  expected  from  the  removal  of  larger  groups  on  con- 
densation) ;  but  on  the  whole  the  data  are  very  satisfactory. 

Remembering  that  the  number  is  roughly  as  the  cube  root  of  5,  the 
region  of  ions  {dp  =  21  to  26)  is  particularly  well  represented.  They 
increase  slowly  but  regularly  in  ntmiber  tmtil  the  coronal  stages  are 
reached.  Beyond  these  the  increase  is  again  slow;  but  that  it  is  real  is 
shown  by  the  top  curve  for  X-ray  nuclei,  which  fails  to  ascend. 

The  lowest  pressure  at  which  the  suggestion  of  a  corona  could  be 
observed  in  the  given  apparatus  was  dp  ^21  cm.  The  coronal  fog  limit 
is  best  found  from  the  other  curves. 

The  succeeding  curves  (X-ray,  Z?  =  600;  radium,  D^o\  X-ray,  Z>  — 100, 
50,  25  from  end  and  50  cm.  from  side)  correspond  to  gradually  increasing 
ionization.  It  may  be  noticed  that  the  fog  limits  slowly  move  to  the 
left  into  smaller  supersaturations,  while  the  initial  slope  of  the  curves 
gradually  rises.  Persistence  sets  in  when  the  slope  is  nearest  the 
vertical.  All  the  curves  eventually  approach  a  limit,  which  for  weak 
radiation  is  practically  reached  near  the  fog  limit  of  air,  but  for  strong 
radiation  much  beyond  it.  In  the  upper  curves  the  green-blue-purple 
corona  first  appears  at  dp  =  30  cm.  It  is  noteworthy  that  the  asymptote 
is  reached  later  as  the  ionization  is  stronger. 

The  relation  of  these  results  as  to  numbers  of  nuclei  is  best  shown  by 
the  n-curves,  fig.  16,  though  the  scale  is  now  too  small  for  the  ions  of 
non-energized  air.  In  this  case  (n)  it  is  assumed  that  the  nuclei  are 
reproduced  faster  than  they  can  be  removed  by  expansion.  The 
curves  throughout  have  the  same  characteristic,  being  doubly  inflected 
and  showing  definite  stages  in  which  nucleation  increases  most  rapidly. 
If  these  branches  are  prolonged  backwards  the  coronal  fog  limit  may  be 
specified  for  each,  as  shown  in  the  figures.  This  quantity  decreases  at  a 
retarded  rate,  while  the  ionization  grows  more  intense. 

The  effect  of  weak  ionization  (radium,  or  X-ray  at  Z>  — 600)  is  to 
increase  the  number  of  ions.  It  has  been  supposed  above  that  the 
result  of  this  is  to  mask  the  corresponding  increase  of  any  of  the  col- 
loidal nuclei  originally  present,  should  such  an  increase  occur. 
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The  oirves,  moreover,  throw  important  light  on  the  distance  effect 
D,  Thus  at  8p  =  22,  the  efEect  of  increasing  D  from  i  to  6  meters  is  a 
fall  of  n  from  50,000  to  20,000 — about  60  per  cent.  At  dp^^o  the  fall 
is  from  130,000  to  40,000 — about  69  per  cent.  Owing  to  the  uncertain- 
ties of  observation  these  numbers  may  possibly  be  the  same,  in  which 
case  the  gradation  of  size  of  the  nuclei  would  be  the  same  for  all  inten- 
sities of  ionization. 

The  initially  slow  increase  of  the  upper  curves  (D  =■  50  cm.)  is  possibly 
due  to  the  formation  of  persistent  nuclei,  as  stated  at  the  beginning  of 
this  section,  these  capturing  much  of  the  moisture. 

Finally,  the  evidence  given  by  the  N  curves,  fig.  17  (assuming  that  the 
nucleation  is  not  restored  faster  than  it  can  be  removed  by  the  exhaus- 
tions), is  much  the  same  as  that  just  detailed.  The  ctirves  are  often 
straighter  than  heretofore,  and  continually  rise  as  the  result  of  the  in- 
creasing volume  expansion;  but  the  double  inflection  remains.  In  fact, 
the  rise  of  all  the  upper  curves  is  eventually  at  about  the  same  rate  as 
for  air.  In  the  latter  case  the  scale  is  again  too  small  to  show  the  in- 
crease in  the  region  of  ions. 

At  dp '='22  the  distance  effect  for  i  and  6  meters  is  a  decrease  of  60 
per  cent,  at  d/>  =  30  a  decrease  of  7 1  per  cent,  naturally  nearly  the  same 
as  above. 

Both  the  N  and  n  curves  show  that  while  within  the  limits  of  observa- 
tion intense  radiation  increases  the  nucleation  of  dust-free  air,  this  is  not 
the  case  for  weak  ionization.  Here  the  curves  cross  at  about  dp  =  29  cm. 
Above  this  the  presence  of  radiation  must  decrease  the  efficient  nuclea- 
tion of  non-energized  dust-free  air;  below  this  it  will  increase  it.  At 
high  pressure  differences  like  dp  ^41  cm.,  as  used  below,  the  variation  of 
the  efficient  nucleation  must  therefore  be  a  sensitive  criterion  for  the 
variation  of  the  ionization  of  air.  Similarly  the  direct  experiments  of  sec- 
tions 7  and  9  find  their  explanation  in  the  manner  already  pointed  out. 

17.  More  rapid  exhaustion.  Apparatus  i^nd  data. — ^The  preceding 
set  of  experiments  correspond  to  the  particular  exhaustion  cock  used. 
This  was  an  inch  plug  gas  cock.  As  almost  the  whole  resistance  to  fiow 
was  encountered  here,  the  advisability  of  enlarging  it  seemed  evident. 
In  fact,  on  opening  the  cock  suddenly  to  an  amotmt  corresponding 
respectively  to  about  1/4,  1/2,  3/4,  i/i,  the  nucleations  obtained  were 
about  iVXio"'  =  4o,  100,  180,  350  for  dp^4i  cm.,  showing  that  not 
even  an  approach  to  the  limit  is  reached  in  the  extreme  case.  *  There  is 
a  further  objection  in  having  the  large  resistance  in  the  stopcock,  as  the 
coronas  will  vary  with  the  degree  of  opening. 
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Tabls  io. — Nudeation  of  dust-free  air,  energised  or  not.  New  apparatus,  i}-inch 
stopcock;  connections  of  inch  gas  pipe.  Barometer  76.23  cm.  Widls  of  fog  cham- 
ber a  3  cm.  thick.    Three  horizontal  wet  doth  partitions  within  diamber. 
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V.  Dust-free  air.  Fog  chamber  with  4- 
sheeted  wet  cloth.  2  to  3  cm.  apart. 
Barometer  76.36  cm. 
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Accordingly  the  inch  stopcock  was  replaced  by  a  i^-inch  plug  gas 
cock,  retaining  the  same  inch  tubing.  The  resistance  in  this  case 
was  least  at  the  stopcock,  which  accounts  for  the  remarkable  steadi- 
ness of  the  results  obtained  in  successive  exhaustions. 

Furthermore,  the  fog  chamber  was  modified  by  inserting  three  wet 
cloth  partitions,  horizontal  and  about  5  cm.  apart,  as  shown  in  fig.  3. 
The  new  form  was  not  merely  favorable  to  better  saturation,  but  all  con- 
vection currents  were  more  effectually  cut  off.  This  was  at  first  (though 
incorrectly)  supposed  to  be  the  reason  for  the  appearance  of  distribu- 
tions of  nuclei  within  the  chamber  produced  by  the  action  of  radium  kept 
outside  of  it,  a  result  already  detailed  above,  but  which  here  appeared 
for  the  first  time  in  a  very  marked  degree.  In  the  later  experiments 
four  cloth  partitions  were  inserted,  as  in  fig.  4. 

The  results  are  given  in  the  successive  parts,  table  10,  in  the  usual 
way,  dust-free  air  being  examined  with  and  without  the  interference 
of  external  radiation.  It  is  not  probable  that  any  errors  are  now  intro- 
duced by  the  filter. 

In  view  of  the  intense  ionization  used,  the  usual  cycle  of  measurable 
coronas  is  exceeded,  and  the  resulting  data  become  more  and  more 
fully  relative,  both  on  this  account  and  because  of  the  high  pressure 
differences  applied.  Absolute  values  are,  however,  of  little  interest,  and 
it  is  precisely  from  the  relations  obtained  that  conclusions  are  to  be 
drawn.  The  quantities  s,  n,  A^,  dp  have  been  frequently  defined.  D 
is  measured  from  the  side  of  the  apparatus,  so  that  all  action  takes  place 
through  0.3  cm.  of  glass.     No  aluminum  screen  was  interposed. 

18.  Remarks  on  the  5-curves.  Non-energized  air. — The  present 
5-curves  for  non-energized  air,  fig.  19,  are  in  strong  contrast  with  the 
preceding.  Variability  in  the  lapse  of  time  has  been  nearly  eliminated. 
The  curves  have  moved  bodily  somewhat  farther  to  the  left  into  the 
region  of  smaller  supersaturations,  as  is  shown  by  comparison  with  the 
dotted  line  in  fig.  19  (taken  from  the  preceding  fig.  15),  evidencing  the 
increase  of  efficiency  referred  to.  The  curves  of  fig.  19  are  in  remarkable 
contrast  with  the  preceding  in  two  respects;  they  reach  a  definite 
asymptote  at  about  dp^zS*  which  is  retained  tmtil  the  pressure  difference 
is  so  high  that  other  complications  step  in.  There  is  certainly  an  incre- 
ment after  d/>  =  3o,  as  proved  by  the  change  of  coronas.  Whether  this 
limit  is  due  to  a  cessation  of  further  drop  of  temperature  in  the  appara- 
tus, or  whether  a  distinct  group  of  colloidal  air  nuclei  is  in  question, 
remains  to  be  seen.  The  possibiUty  of  the  continued  succession  of 
groups  of  this  kind  is  not,  a  priori,  improbable. 
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19.  The  same,  contiiiiied. — ^The  other  characteristic,  which  was 
entirely  unforeseen,  is  the  relative  absence  in  what  has  been  called  the 
ionized  region  (placed  in  the  former  curves,  fig.  1 5 ,  between  about  dp»2i 
and  dp  ^26).  The  contrast  is  clearly  shown  in  fig.  19.  The  only  ex- 
planation which  suggests  itself  to  me  is  this,  that  what  were  supposed 
to  be  ions  were  really  water  nuclei  due  to  the  somewhat  slower  exhaus- 
tion of  the  preceding  experiment.  In  other  words,  particles  caught  at 
the  end  of  the  somewhat  less  rapid  expansion  evaporated  into  the  larger 
particles,  leaving  water  nuclei  behind.  But  apart  from  this,  the  definite 
trend  with  which  the  curve  reaches  the  abscissa  is  characteristic,  and,  so 
far  as  coronas  go,  there  seems  to  be  an  absence  of  nuclei  below  dp  ^2^, 
In  other  words,  the  fog  limit  has  been  raised,  in  spite  of  the  general  lower- 
ing of  the  necessary  supersaturations  throughout  the  curve.  The  new 
curve  is  almost  wholly  coronal. 
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Fro.  19. — Improved  fog  chamber.  Apertures  of  coronas  (j)  seen  in  dust-free  air, 
energized  or  not,  as  stated,  by  radium  or  X-rays,  at  different  exhaustions  (dp). 
Table  lo. 


Usually  the  same  results  are  obtained  in  a  pressure-increasing  and  in 
a  presstire-decreasing  series.  There  is  an  equally  striking  imiformity 
in  the  lapse  of  time. 
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20.  The  same,  continued.  Action  of  radium^ — ^The  action  of  radium 
is  characterized  by  a  slight  rise  of  the  asymptote  over  the  preceding 
case  and  of  displacement  of  the  curve  into  smaller  supersaturations. 
This  was  to  be  anticii>ated;  nuclei  are  caught  more  easily,  and  a  some- 
what smaller  order  of  size  and  increased  ntimber  is  detected  in  conse- 
quence. The  other  distinctive  feature  is  the  smaller  range  of  pressure 
differences  within  which  practically  all  condensation  occurs.  In  the 
preceding  experiments  this  range  lay  between  8p  =  iS  and  24,  whereas  in 
the  present  case  the  marked  changes  fall  between  d/> » 1 9  and  2 1 .  There 
restdts  another  apparent  rise  of  the  fog  limit  corresponding  to  the  coronal 
effects,  though  it  is  slight  and  uncertain.  What  is  noteworthy  is  the 
greater  steepness  of  the  rising  branch  of  the  oirve,  already  indicated. 
The  question  may  be  asked  whether  for  a  rigorously  instantaneous 
exhaustion  this  part  of  the  curve  would  become  even  more  nearly 
vertical.  One  may  note  that  the  radium  curve  eventually  passes 
through  a  maximum.  Furthermore,  while  in  its  initial  stages  it  lies 
very  near  the  former  X-ray  curve  (Z?«so),  the  latter  shows  no  tendency 
to  reach  a  near  asymptote. 

21.  The  same.  Action  of  X-rays. — Finally,  the  results  with  the 
X-rays  are  similar.  High  asymptotes,  a  tendency  of  the  curve  to  lie 
within  a  region  of  lower  supersaturations  than  in  table  7,  etc.,  are 
apparent.  Nuclei  smaller  in  size  and  larger  in  number  have  been  caught 
more  easily  than  heretofore.  If  we  regard  the  present  and  the  earlier 
curves  for  D^$o,  the  height  of  asymptote  in  the  former  case  is  much 
above  the  one  in  the  latter  case,  and  moreover  passes  through  the 
maximtun  (reached  at  dp  ^26)  as  dp  increases  indefinitely.  This  cor- 
responds to  the  result  for  radium. 

It  is  therefore  interesting  that  if  the  radiation  is  further  intensified, 
as  in  the  last  case,  where  D  =  1 2  cm. ,  the  curve  continues  to  rise  apparently 
throughout  higher  ranges  of  pressure.  The  limits  are  not  reached  {dp 
continually  increasing)  until  nuclei  of  a  size  equal  in  smallness  to  the 
order  holding  for  the  colloidal  nuclei  of  air  have  become  available  for 
condensation.  A  final  point  deserving  comment  is  the  break  of  the 
X-ray  curve  near  d/>«22.  This  is  not  only  marked  in  both  curves  of 
table  10,  but  similarly  apparent  in  table  7.  Unforttmately,  the  cycle  of 
coronas  changes  at  this  point  (green-blue-purple  corona);  but  apart 
from  this  it  seems  probable  that  with  intense  X-ray  radiation,  two  suc- 
cessive groups  of  nuclei  are  in  question;  the  first  group  prominent  below 
dp ^72  and  the  second  above  dp » 22. 

22.  Remarks  on  tiie  n-curves.  Noii-ener(ized  air. — The  n-curves, 
which  assume  that  the  nuclei  are  replaced  sooner  than  they  can  be 
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removed  by  exhaustion,  bring  out  the  poiati  just  made  with  better 
regard  to  the  actual  nudeation,  seeing  that  the  ^-curves  are  specially 
favorable  to  small  numbers  of  nuclei.  As  a  rule  the  new  nucleations 
obtained  are  nearly  twice  as  large  as  the  old  results.  It  seems  probable 
that  the  upper  inflection,  after  passing  the  nearly  straight  part,  is  due 


Ftc.  lo. — Improved  fog  chamber.     Bffident  nuclcaiion  (n)  free  air  cor- 
responding to  fig.  19.    Table  10. 

to  the  waning  condensing  power  of  the  apparatus,  and  that  in  the 
absence  of  this  loss  of  efficiency  the  middle  region  of  the  doubly  inflected 
curve  would  continue  indefinitely.  One  may  note,  too,  that  both  in  case 
of  tables  7  and  10  the  parts  in  question  are  nearly  parallel,  or  that  the 
increment  of  nucleation  corresponding  to  a  given  increment  of  super- 
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saturation  is  about  the  same.  This  appUes  even  in  the  following  cases, 
where  dust-free  air  is  energized  by  radium  and  by  intense  X-radiation, 
as  far  as  the  middle  regions  of  the  curve  are  concerned. 

23.  The  same.  Action  of  radium. — ^The  small  increment  of  pressure 
difference  (say  dp^ig  to  21)  is  here  in  sharp  contrast  to  the  gradual 
increase  observed  in  the  old  results  (say  between  dp^ig  and  25).  The 
nucleations  which  eventually  are  not  quite  doubled  in  the  new  results, 
as  compared  with  the  older,  are  therefore  at  first  enormously  in  excess. 
In  fig.  20  the  results  of  table  10  are  given  in  full,  the  old  results  (table  7) 
in  broken  lines,  and  the  same  method  is  pursued  in  the  other  cases. 
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Fig.  21. — Efficient  nudeation  (iV)  in  dust-free  air  corresponding  to  fig.  19.     Table  10. 

24.  The  same.  Action  of  X-rays. — Remarks  to  the  same  effect  may 
be  made  with  reference  to  the  old  and  the  new  data  for  X-ray  ionization 
when  i?«so  (broken  and  ftdl  lines  in  fig.  20).  Initially  the  old  curve 
is  even  below  the  present  curve  for  raditun,  but  it  eventually  intersects 
the  new  data  for  dust-free  air  at  about  9p^z%.  The  mean  nucleations 
have  not  been  quite  doubled.  The  maxima  in  cases  of  P  »  50  and  P  ■■  1 2 
lie  above  the  interval  of  large  variation  for  dust- free  air.  Finally,  the 
breaks  in  the  curves  at  d/> »  22  are  again  quite  apparent. 

25.  Remarks  on  the  A^-curves. — With  regard  to  the  A/^-curves,  fig.  21, 
one  need  merely  note  that  the  maxima  have  in  most  cases  been  defi- 
nitely wiped  out,  and  that  the  nucleation  available  for  condensation,  if 
it  be  supposed  that  removal  of  nuclei  is  more  rapid  than  the  reproduction, 
increases  continually  with  the  supersaturation  up  to  the  highest  values. 
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THE  NUCLEATION  OP  PILTBRBD  AIR  IN  THE  LAPSE  OP  TIICE. 

26.  M^hod. — In  the  above  experiments  with  filtered  air,  it  has  been 
carefully  pointed  out  that  all  the  oirves  tend  to  reach  asymptotes,  the 
height  of  which  depends  on  the  other  (larger)  nuclei  present.  If,  then, 
the  ionization  of  dust-free  air  is  an  essentially  variable  quantity,  as 
shown  by  the  electrometer,  the  height  of  the  asymptote  in  question 
shotdd  be  correspondingly  variable. 

Again,  it  was  shown  that  external  radiation  (gamma-rays  of  radium 
for  instance)  are  powerful  nucleators,  whether  directly  or  secondarily. 
Hence  external  radiation  of  this  type,  if  variable,  might  be  reasonably 
sought  for  in  a  study  of  the  nucleation  of  dust-free  air. 

In  relation  to  the  ordinary  intensities  of  radiation,  this  method  of 
varying  asymptotes  is  exceedingly  sensitive.  Whether,  however,  it 
will  apply  for  cases  of  much  weaker  (cosmical)  radiation  must  be  left 
to  experiment.  Moreover,  whether  the  variable  ionization  of  air  can  be 
detected  in  the  manner  suggested,  or  whether  it  even  exists  in  the  fog 
chamber,  is  similarly  a  question  requiring  experimental  solution. 

27.  Early  data. — ^The  method  here  in  question  was  carried  out  in  a 
series  of  experiments  begun  May  9  and  continued  until  September  a, 
1905.  In  the  earlier  part  of  the  work  it  was  shown  that  comparable 
results  could  only  be  expected  in  cases  of  excessively  slow  filtration, 
the  filters  for  this  purpose  being  18  inches  long,  2  inches  or  more  in 
diameter,  and  containing  cotton  very  tightly  packed.  It  was  necessary, 
moreover,  to  make  observations  after  long  intervals  (12  to  24  hours)  of 
waiting,  the  object  being  to  allow  all  nuclei  which  might  have  passed 
through  the  filter  time  to  decay.  Apparent  variations  of  considerable 
interest  were  obtained  in  this  way ;  but  the  work  below  will  show  them 
to  have  been  untrustworthy.  Neither  changes  of  temperature  nor  of 
the  barometer  produced  any  effect. 

To  additionally  safeguard  the  work,  two  fog  chambers  were  eventually 
installed  side  by  side,  drawn  upon  by  the  same  exhaustion  system 
identically  in  every  way.  It  was  then  found  that  the  internal  partitions 
of  wet  cloth  were  essential,  but  it  was  nevertheless  impossible  to  make 
both  chambers  agree  even  when  the  partitions  were  increased  four- 
fold. Throughout  the  work,  nucleations  passing  through  maxima  and 
minima  within  the  limits  of  about  400,000  and  160,000  were  obtained, 
apparently  under  trustworthy  conditions.  The  data  remained  consistent 
even  when  the  fog  chambers  were  exchanged.  Small  variations  of  the 
rate  of  filtration  were  quite  ineffective,  showing  that  a  limit  has  been 
reached. 
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28.  Apparatus  modified. — ^The  tubing  of  the  preceding  apparatus, 
which  consisted  of  inch  plug  cock  and  inch  gas  pipe,  was  now  taken  apart 
and  a  i^-inch  brass  plug  cock  was  substituted.  The  advantage  of  this 
mrangement  is  easily  seen»  inasmuch  as  the  whole  resistance  to  flow  is 
practically  in  the  pipes.  The  passage-way  in  the  stopcock  being  larger 
in  area,  the  rate  of  exhaustion  obtained  is  independent  of  slight  differences 
in  opening. 

As  a  result  of  this,  all  the  variations  noted  above  practically  disap- 
peared, and  the  nucleations  of  dust-free  air  at  a  given  pressure  difference 
Were  found  to  be  constant  in  the  lapse  of  time  within  the  limits  of 
accuracy  of  the  method.  Data  of  this  character  are  shown  in  the 
following  table : 

Tablb  1 1 . — Nudeation  in  the  lapse  of  time,     dp  -  30.6  cm.     w  o  g* ;     «  x  io~*«-  1 27 ; 

N  X  IO-*-227. 


Date. 

Corona. 

s. 

Date. 

Corona. 

X. 

Sept.  5» 

wog 

7-4 

Sept.  12 

wog 

•  •  •  • 

6 

wog 

7.4 

13 

wog 

7 

wog 

7.4 

14 

wog 

7.2 

8 

wog 

7-4 

«5 

wog 

9 

wog 

7.4 

16 

wog* 

7-  * 

9* 

wog 
wy^g 

7.3 

iR 

wog 

7.2 

10 

7.4 

20 

wog 

•   •  •   • 

II 

wog? 

•  •  •  • 

21 

wog 

7.2 

>  Apparatut  with  three  sheets. 

*  Apparatus  with  four  sheets. 

'Apparatus  with  one  sheet,  xo  cm.  above  surface  of  water. 


Indeed,  the  succession  of  different  fog  chambers  with  1,2,  and  3  cloth 
partitions  all  gave  the  same  results.  The  rate  of  filtration  could  be 
varied  without  effect  within  wide  limits,  and  the  same  corona  was 
obtained  after  a  few  minutes  or  after  24  hours  of  waiting. 


29.  Inferences. — It  has,  therefore,  not  been  possible  to  detect  changes 
of  nudeation,  either  as  the  result  of  the  concomitant  changes  of  atmos- 
pheric ionization  or  as  the  possible  result  of  some  form  of  cosmical  or 
at  least  external  radiation.  The  consistency  of  the  results  obtained  for 
radiation  under  widely  different  conditions  may  be  especially  pointed 
out.  It  does  not  follow,  however,  that  other  methods  (not  depending 
on  the  terminal  asymptote)  may  not  be  more  efficient.  In  how  far  this 
k  the  case  will  be  shown  in  Chapter  VI. 
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SUMBIARY  OF  THE  RESULTS  OF  THE  CHAPTER. 

JO.  Distribution  of  ions  witliin  tiie  fog  chamber^— Within  the  fog 

chamber,  the  coronas  due  to  the  ions  produced  either  by  radium  or 
by  the  X-rays  acting  axially  from  long  distances,  as  a  rule  vary  in 
aperture  from  one  end  of  the  long  vessel  to  the  other.  Hence  the 
distribution  of  nuclei  is  not  uniform  in  the  direction  of  the  axis  of  the 
fog  chamber.  The  reason  for  this  is  to  be  ascribed  to  secondary  radia- 
tion. As  interpreted  from  the  nucleation  produced  within  the  fog 
chamber  containing  dust-free  moist  air,  dense  bodies  (brass  cap)  produce 
more  secondary  radiation  than  rare  bodies  (glass  end)  tmder  like  con- 
ditions of  primary  radiation. 

If  the  primary  radiation  is  relatively  intense,  rare  bodies  like  glass 
may  produce  more  secondary  radiation  than  dense  bodies  (Uke  the 
metals)  tmder  less  intense  primary  radiation;  or  at  least  the  decrement 
of  primary  radiation  with  the  distance  from  the  source  predominates 
within  the  fog  chamber. 

The  secondary  radiation  is  rapidly  absorbed  by  the  air,  as  the  dimin- 
ishing coronas  testify. 

31.  Minimum  of  efficient  nucleation. — When  ions  and  colloidal  nuclei 
are  in  presence  of  each  other  (or  in  general  any  two  groups  of  nuclei  of 
different  average  size),  the  number  of  efficient  nuclei  for  the  case  of  a 
drop  of  pressure  not  too  small  passes  through  a  well-defined  minimum, 
if  the  number  of  ions  continually  increases  from  zero.  This  occurs,  for 
instance,  when  a  radium  tube  is  moved  from  a  long  distance  quite  up  to 
the  fog  chamber.  The  ions  abstract  more  and  more  of  the  available 
moisture,  until  the  colloidal  nuclei  are  practically  inactive  (minimum), 
after  which  the  nucleation  increases  again  with  the  number  of  ions. 

32.  Persistent  nuclei. — For  the  moderately  intense  X-ray  bulb  (5- 
inch  spark)  and  a  glass  fog  chamber  several  millimeters  thick,  persistent 
nuclei  may  be  demonstrably  produced  when  the  distance  from  bulb  to 
chamber  increases  to  about  50  cm.  They  may  even  be  produced  through 
thin  tin  plate.  The  decrease  with  distance  of  the  number  generated 
within  a  given  time  is  very  rapid,  and  the  number  producible  if  the 
anticathode  could  touch  the  fog  chamber  would  be  enormous.  In  like 
manner  the  number  increases  at  an  accelerated  rate  with  time  of  expos- 
ure as  if  the  nuclei  were  themselves  active. 

If  we  regard  the  ionized  state  of  a  gas  as  characterized  by  a  kind  of 
kinetic  ionization  pressure,  we  may  further  conceive  the  ionized  gas  to 
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be  subject  to  something  resembling  saturation,  whereby  ions  pass  into 
persistent  nuclei  when  the  ionization  pressure  reaches  a  certain  limit 
very  much  as  a  vapor  condenses. 

33.  Dependence  of  efficiency  of  fog  chamber  on  the  size  of  the  exhaust 
pipes. — If  a  (long)  cylindrical  fog  chamber,  whose  contents  are  not 
much  in  excess  of  6,000  c.  cm.,  be  exhausted  into  a  vacuum  chamber 
whose  contents  exceed  100,000  c.  cm.,  through  a  passage-way  50  cm.  in 
length  and  about  2.5  cm.  in  bore,  many  of  the  experiments  showing 
the  properties  of  ions  and  of  the  colloidal  nuclei  of  dust-free  air  are  con- 
sistently producible,  provided  the  plug  exhaustion  stopcock  (opened 
quite  and  as  quickly  as  possible)  has  a  wider  bore  than  the  pipes.  With 
exhaust  pipes  of  this  size,  however,  the  apparatus  is  as  yet  very  far 
from  its  limits  of  efficiency,  and  the  largest  or  terminal  corona  obtainable 
in  case  of  the  colloidal  nucleation  of  dust-free  air  is,  even  at  the  highest 
exhaustion,  the  intermediate  green-blue-purple  type.  This  leaves  the 
whole  order  of  large  coronas  outstanding,  though  the  order  may  be 
entered  if  the  air  is  intensely  ionized.  It  follows  that  efficiency  actually 
stops  short  because  of  the  smallness  of  the  colloidal  nuclei. 

The  curves  showing  the  nucleation  entrapped  in  case  of  continually 
increasing  exhaustion  all  have  a  common  feature;  there  is  an  initial 
low  branch  of  small  variation  attributable  to  ions;  an  intermediate 
branch  showing  steep  ascent,  due  to  colloidal  nuclei;  a  final  asymptotic 
branch,  corresponding  to  the  terminal  corona  and  due  to  the  loss  of 
efficiency  of  the  apparatus.  The  middle  branch  in  question,  or  line  of 
representative  colloidal  nuclei,  if  it  appears  at  all,  has  almost  the  same 
slope  and  position  (relative  to  the  field  as  a  whole)  for  all  fog  chambers, 
whether  their  efficiency  be  small  or  great.  The  fog  chamber  ceases  to 
act  almost  abruptly;  in  other  words,  the  terminal  corona  or  largest 
corona  producible  as  the  drop  of  pressure  continually  increases,  appears 
in  any  fog  chamber  as  an  almost  sudden  departure  from  the  representa- 
tive lines.  This  corona  is  larger  or  smaller,  the  asymptote  higher  or 
lower,  as  the  fog  chamber  is  more  or  less  efficient. 

34.  Invariable  cliaracter  of  colloidal  nucleation  in  the  lapse  of  time. — 

The  terminal  corona  (in  a  given  type  of  apparatus),  if  not  too  small 
(Chapter  VI),  is  a  fixttire  as  to  size  in  the  lapse  of  time  (months).  It 
does  not  vary  appreciably  with  the  departure  from  normal  ionization, 
to  which  atmospheric  air  is  incident.  Probably  the  number  of  available 
colloidal  nuclei  is  too  enormous,  as  compared  with  the  snudl  variations 
in  number  of  the  relatively  large  ions,  to  admit  of  an  observable  effect. 


CHAPTER  II. 

LATER  AND  FINAL  STAGES  IN  THE  EFFICIENCY  OF  THE  FOG  CHAMBER 
DUE  TO  A  GRADUAL  INCREASE  IN  THE  BORE  OF  THE  EXHAUST  PIPES. 

CONNECTING  PIPES  NOT  LARGER  THAN  1.5  INCHES  IN  DIAMBTBR. 

35.  Introductory. — ^It  will  be  the  object  of  the  present  chapter  to 
ftirther  determine  to  what  an  extent  a  perfectly  efficient  apparatus 
(i,  e.,  one  in  which  the  cooling  and  the  moisture  precipitated  per  cubic 
centimeter  actually  accords  with  the  drop  in  pressure)  may  be  ap- 
proached by  gradually  enlarging  the  bore  of  the  escape  pipes  between  the 
vacuum  chamber  and  the  fog  chamber.  One  method  of  doing  this  will 
consist  in  finding  whether  the  distribution  curves  eventually  reach  a 
fixed  limit  and  a  limit  maintained  for  larger  as  well  as  smaller  nuclei; 
another  by  comparing  the  final  results  with  corresponding  data  deduced 
for  Wilson 's  piston  apparatus. 

In  treating  the  large  numbers  of  observations  which  follow,  it  will  be 
convenient  to  refer  the  nucleations  (as  above)  to  the  drop  of  pressure 
observed  under  apparently  isothermal  conditions  at  the  fog  chamber. 
This  method  of  comparison  is  sufficient  if  the  same  fog  and  vacuum 
chambers  are  used  throughout,  as  has  actually  been  done  in  the  sequel. 
The  exhaust  cock  is  always  to  be  closed  immediately  after  exhaustion. 
In  the  present  experiments  the  volume  ratio  of  the  two  vessels  was  about 
t;/V«=  0.064,  where  v  is  the  volume  of  the  fog  chamber  and  V  that  of  the 
vacuum  chamber. 

It  was  customary,  as  just  stated,  to  open  the  stopcock  between  the 
fog  chamber  and  the  vacuum  chamber  as  rapidly  as  possible  and  then 
to  close  it  at  once;  dp  therefore  denotes  the  drop  of  pressure  read  off  on 
the  mercury  gage  at  the  fog  chamber  after  sufficient  waiting.  As  above, 
s  is  the  angular  diameter  of  the  coronas  on  a  goniometer  radius  of  30 
cm.,  when  the  eye  and  the  source  of  light  are  respectively  40  cm.  and 
250  cm.  on  opposite  sides  of  the  fog  chamber.  On  the  basis  of  these 
data  n  is  computed  from  the  quantity*  of  water  precipitated  per  cubic 
centimeter  and  the  value  5,  in  the  way  shown  elsewhere.f  It  is  always 
assumed  that  the  nuclei  are  more  rapidly  reproduced  than  removed  by 
the  exhaustion,  or  (without  hypothesis)  from  another  point  of  view, 

^Wilson:  Phil.  Trans.  Roy.  Soc.  London,  vol.  189,  1897,  p.  298. 
t  Smithsonian  Contributions,  vol.  xxxiv,  No.  165 1,  1905,  chap.  viiL 
34 
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that  the  nucleation  of  the  exhausted  fog  chamber  is  specified.  Otherwise 
it  would  be  necessary  to  multiply  by  the  ratio  of  volumes  after  and  before 
exhaustion. 

Diagrams  of  the  apparatus  used  have  already  been  given  in  Chapter 
II  (figs.  I  to  4),  and  further  examples  will  be  shown  of  the  details  of  the 
more  perfected  forms  below  (figs.  26,  34,  64).  In  those  paragraphs, 
moreover,  I  will  treat  the  corrections  to  be  applied  (which  are  much 
larger  than  were  anticipated)  in  order  to  pass  from  the  observed  appar- 
ent dp  to  the  true  values.  These  must  be  computed  from  the  volume 
ratio  of  the  two  chambers  and  their  respective  initial  and  their  final 
isothermal  pressures  when  in  communication. 

36.  Examples  of  data  for  I -inch  cofinecting  pipes. — ^These  were  about 
18  inches  or  more  in  length  and  the  stopcock  inserted  was  i^  inches  in 
bore,  as  specified  in  the  preceding  chapter.  The  plug  was  as  usual 
floated  in  paraffin  oil,  absolutely  preventing  the  influx  of  atmospheric 
air,  though  some  leakage  (which  is  generally  harmless)  from  the  fog 
chamber  to  the  vacuum  chamber  could  not  be  prevented.  The  fog 
chamber  in  these  exhaustions  had  a  rather  larger  charge  of  water  than 
usual,  a  circumstance  to  which  the  higher  fog  limits  may  possibly  be 
due,  since  these  vary  with  the  volume  ratio. 

Tabls  12. — Pipes  I  inch,  cock  ij  inches.     Non-energized 

dust-free  air.     October  24. 


dp. 

s. 

n  xio~*. 

30.6 

7.4 

139 

28.9 

5.8 

74 

27    2 

4-2 

26 

^5-7 

1-5 

19 

24.6 

•    »    • 

0 

The  results  are  to  be  shown  below  (fig.  22,  p.  37)  in  comparison  with 
the  later  values  and  may  be  passed  over  here. 

37.  Data  for  pipes  1.5  inches  in  diameter. — Fog  chamber  and  vacuum 
chamber  were  now  connected  by  brass  gas  pipes  iJ  inches  in  diameter 
and  2  feet  long,  and  the  plug  stopcock  interposed  was  2  inches  in  bore. 
In  the  case  of  table  1 3  the  disposition  of  apparatus  was  such  as  to  reqtdre 
the  length  of  piping  specified  with  an  elbow.  The  results  are  given  in  the 
usual  way  and  show  a  distinct  gain  in  efficiency  over  the  earlier  set  in 
table  1 3 ,  proving  that  flplpiter  width  of  pipe  is  still  an  advantage. 
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Tabls  13. — Nudeation  of  dust-free  air,  energiBed  or  not,  as  stated,  at  different  super- 
saturations.    Plug  gas  oock,  2  inches;  piping  1}  inches  in  bore,  2  feet  long. 


dp. 


s. 


fix  10 


-i 


I.  Non-energized  air. 


cm. 

cm. 

30.7 

»7.2 

28.2 

5.9 

26.3 

3.7 

24.4 

2.7 

22.4 

2.3 

20.3 

.0 

22.0 

1.7 

24.7 

2.7 

27.6 

6.1 

29.9 

'7.3 

34  2 

"8.1 

42.1 

•9.3 

34-5 

'10.5 

32.1 

•9.2 

30.0 

•8.0 

27  9 

6.1 

26.0 

3.8 

24.3 

2.7 

22.5 

2,0 

21. 1 

?I.O 

17.3 

!.o 

18.6 

!.o 

250 

318 

262 

150 
80 

20 
6. 
2. 

r 


7 
3 

.0 
.0 


151 
77 
19.7 

6.8 

3-3 
.0 

2.1 
6.8 
80 

135 
190 


Non-energized  air.  Exper- 
iments. 


34.8 

r.^'^ 

190 

34-7 

I  ^^'^ 

270 

34.8 

\    '8.9 

220 

34-6 

I  M0.7 

270 

34-5 

I    *9.o 

220 

II.  Non-energized  air. 


»p. 


s. 


«Xio" 


II  (continued).    Non- 
energized  air. 


19.9 

?b.8 

20.4 

1.2 

21.0 

1.6 

0.6 

1.2 
1.7 


Later. 


43-5 

^11.2 

47-9 

^11.2 

43-8 

^10.8 

39.1 

•10. 1 

34.9 

'•8.9 

30.8 

"7.5 

354 
372 
338 
286 
192 

»44 


III.  Air  energized  by  radi- 
um, on  side  of  glass  fog 
chamber. 


up- 


S. 


n  X  to-*. 


21.7 

6.0 

20.9 

5.7 

20.  2 

5.2 

18.6 

I.O 

16.5 

.0 

?i8.7 

1 .2 

18.8 

1.9 

21 ,0 

?5.7 

20.0 

5.4 

26.4 

6.8 

24.9 

6.8 

23.5 

6.8 

22.0 

6.7 

20.0 

5.4 

29.0 

6.5 

33.2 

6.0 

38.9 

5  9 

43.6 

5.7 

67 
56 

42 

.8 
.0 

?1.2 
2.0 
56 

47 
104 

100 

96 

89 

47 

99 
88 

91 

85 


IV.  Air  energized  by  X- 
rays''.  D— 20cm. from 
side  of  fog  chamber  to 
anticathode. 


34-7 

"•12.3 

31  0 

»"I2.3 

26.3 

»»I2.3 

22.0 

"10.6 

17.6 

1.4 

16.5 

.0 

17.6 

2.1 

19.6 

«»8.i 

19.0 

4.4 

400 

380 

340 

207 
I 
o 

2 
140 

24 


V.  X-rays.  -D-5ocm. 


32.1 

'•ii.4 

3>o 

35  0 

^•11.3 

320 

26.6 

"10.7 

233 

22.1 

»'8.6 

»45 

17.4 

?r 

0 

17.7 

?o 

0 

19.0 

2.2 

2.7 

20.0 

6.1 

64 

X-rays.    D  -  20  cm.  after 
long  waiting. 


g' B  p,  repeated,     'gyobg.     'wpcor.     *wvog,  after  waiting  one  or  more  boun.  'w'Poor 

after  waiting  but  a  few  (10  to  15)  minutes,    •wcg.    ^wog.    •wrg.    'g*  B  P.  "wPcor.  "wyoor. 

I'Air non-energized.  ^p<a 34.8;  •-■9.6:  and  by  X-rays,     "wyg' large,    "wrg.  **wcg.  >*wobg. 
^wPcor.     "gyobg. 

Long  waiting  before  exhaustion  (to  remove  water  nuclei)  is  often 
essential.  In  addition  to  the  dust-free  gas,  air  energized  by  radium  (10 
mg.  of  a  weak  sample,  1 0,000  X,  sealed  in  aluminum  and  acting  from 
without)  and  by  the  X-rays  is  treated  for  comparison. 
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Fhj.  13 — EffideDt  nudeatjon  (n)  found  in  dust-fne  air  ener^ied  or  not  by  rmdinni  or 
the  X-rays,  U  stated,  from  different  diatonces  (D),  at  dlSereilt  exhaiUtioiN  Up). 
Fog  diaaiber  with  plpet  i^iDcfa  bctc,  a  leet  kxig.    Table  13. 
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These  results,  together  with  the  data  of  table  12,  are  shown  in  fig.  33. 
For  the  air  curve  a  marked  advance  beyond  the  results  of  table  1 2  is  at 
once  apparent,  but  it  is  noteworthy  that  the  slopes  of  both  curves  are  in 
the  main  the  same,  in  spite  of  the  fact  that  the  former  rises  to  but  one- 
half  or  one-third  of  the  height  of  the  new  curve.  The  efficiency  of  both 
fog  chambers  therefore  terminates  abruptly  in  a  final  or  fixed  corona  or 
(in  the  chart)  in  an  asymptote  which  would  be  horizontal,  if  it  were  not 
necessary  to  assume  that  the  quantity  of  water,  m,  precipitated  per  cubic 
centimeter  increases  with  the  drop  in  pressure.  In  the  different  series, 
irregularities  are  often  apparent  which  are  difficult  to  explain,  though  at 
low  values  they  may  be  due  to  cosmical  radiation.  Thus  the  second 
series  for  non-energized  air  rises  more  abruptly  than  the  first  and  third, 
results  which  are  possibly  associated  with  the  presence  of  water  nuclei 
and  referable  to  different  degrees  of  leakage  from  fog  chamber  to  vacuum 
chamber;  but  it  is  also  possible  that  unequally  rapid  closing  of  the  stop- 
cock after  exhaustion  may  have  left  an  impression.  The  results  for 
raditmi  and  the  X-rays  will  reappear  under  better  conditions  presently, 
and  may  then  be  discussed.  One  may  note  that  for  weak  radiation  the 
graphs  intersect  the  graph  for  non-energized  air. 

38.  Continued.  Shorter  pipes. — ^The  next  step  consisted  in  a  remodel- 
ing of  the  apparatus,  whereby  shorter  connecting  pipes  would  suffice. 
Two  6-inch  nipples,  i^  inches  in  diameter  and  containing  a  2-inch  plug 
stopcock,  now  joined  the  fog  and  vacuum  chambers.  The  results  are 
shown  in  table  14  and  in  fig.  23.  The  fact  that  the  main  resistance  is  still 
encountered  in  the  gas  cock  is  proved  by  the  need  of  stops  to  insure  quick 
and  complete  opening.  Whenever  the  cock  is  nearly  but  not  quite 
opened,  however  suddenly,  low  coronas  are  observed.  When  this  was 
remedied,  fixed  coronas  thereafter  corresponded  to  each  dp.  The  table 
contains  the  usual  series  of  comparative  results  for  air  energized  by 
radium  and  the  X-rays. 

As  compared  with  the  preceding  data  there  is  a  small  shifting  of  the 
graph  toward  lower  pressures,  while  the  slopes  in  the  representative  parts 
of  the  curves  are  practically  the  same.  The  terminal  corona,  however,  and 
the  corresponding  asymptote,  is  markedly  raised.  Nevertheless,  though 
the  large  green-blue-purple  corona  now  appears  in  the  case  of  strongly 
energized  air,  it  has  not  yet  been  reached  in  the  non-energized  cases. 
The  limit  of  efficiency  is  therefore  not  yet  in  sight  when  a  fog  chamber  of 
about  v  =  6,000  c.  cm.  empties  into  a  vacutmi  chamber  of  about  V  — 
100,000  c.  cm.  through  30  cm.  of  piping  about  4  cm.  in  diameter,  with  a 
corresponding  plug  stopcock  suddenly  opened  between  stops  to  arrest 
the  motion. 
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Tabls  14. — ^Nudeation  of  diist-h«e  air,  energized  or  not*  at  different  supersaturations. 
Plug  gas  cock,  2  inches ;  iMping  i }  inches  in  diameter,  2x6  inches  long.  I/mg  intervals 
between  observations. 


dp. 


s. 


Corona. 


n  XiQ- 


I.  Non-energized  air.* 


39.8 

12.8 

39.8 

13-0 

35. « 

130 

30.8 

10.4 

28.6 

7.4 

27.9 

5.7 

26.0 

2.4 

26.4 

3.6 

gyobg 

wy  bg 

wyg 

wrg 

wrg 

wBP 

cor 

cor 


460 
420 
400 
260 
108 

69 
4.5 

17 


II.  Non-energized  air.* 


24.3 

1.5 

24.4 

1.8 

26.2 

2.6 

27.3 

5.0 

28.0 

6.4 

29.3 

7.6 

29.5 

8.0 

30.9 

10. 0 

30.4 

8.4 

31.2 

9.1 

35.0 

II. 5 

cor 

cor 

cor 

cor 
wr 
gB 
gBP  + 
wr  og 
wcg 
wrg 
wyg* 


I 


1.8 
2.1 

6.3 
46 
92 

1 39 

147 
290 

230 

260 

400 


III.  Non-energized  air. 


31.0 

9.8 

31.0 

10.3 

31.0 

'10.4 

35-3 

12.0 

35.1 

12.0 

39.4 

12.0 

441 

".5 

41.3 

".5 

38.6 

12.0 

30.7 

10.2 

wrog 
wrog 
wrog 
wybg 
wybg 
wybg 

gyo 
gyo 

wybg 
wrg 


290 
290 
290 
400 
400 
420 
490 
470 
420 
290 


IV.  X-rays  at  D  -  20  cm.  from  side. 


30.9 

13-0 

35.4 

130 

33.0 

13-0 

31.5 

13.0 

29.2 

13-0 

gBP 
gBP 
gBP 
gBP 
gBP 


460 
480 
470 
460 

430 


dp. 


s. 


CcMXxna. 


«Xio' 


IV  (continued).     X-rays  at  D—  20  cm. 

from  side. 


27.2 
25.6 
24.1 
22.8 
29.4 
27.1 
20.8 

234 
22.9 

21.4 

20.2 

18.7 

18.3 


12.7 
12.7 
12.2 
II. 9 
12.3 
Vague 

7.7 
II. 7 

II. 4 

8.4 
4.6 

.0 
.0 


gyo 
gyo 

wyg' 
wog 
gBP 
gBP 

•  •  •  • 

wog 

wog 

gBP 

cor 


380 
360 
320 
250 

440 
410 
120 
250 
250 
120 

30 
o 
o 


IV.  X-rays.     D  — 10  cm. 

35- 1 

14.0 

•gBP 

480 

40.3 

•  •  •  • 

gBP 

510 

37.9 

•  •  •  • 

gBP 

500 

33-6 

•  •  •  • 

gBP 

470 

31.6 

•  •  •  • 

gBP 

460 

30.0 

•  •  •  • 

gBP 

450 

28.1 

•  •  •  • 

gBP 

430 

26.7 

•  •  •  • 

gBP 

410 

25.0 

13.5 

*gBP 

400 

23.6 

12.6 

gyo 

320 

22.3 

10.3 

wog 

250 

21.2 

7.1 

wog 

100 

20.1 

4.2 

cor 

21 

18.7 

1.3 

cor 

13 

V.  Ai 

r*  energized  by  radiui 
side. 

n,  D  -0,  on 

30.8 

6.1 

35.2 

6.2 

40.0 

5.9 

27.6 

6.0 

26.2 

6.1 

24.3 

6.3 

22.9 

6.5 

21.6 

6.1 

21.0 

4-7 

«9-7 

2.1 

19.2 

.0 

cor 
cor 
cor 
cor 
cor 
cor 
cor 
cor 
cor 
cor 


87 
95 
92 

79 
78 

79 

85 
68 

33 
2.5 
.0 


*  In  oeitlMrMriM  I  or  n  were  stops  provided  for  the  exhauat  cock.  Thisisthe 

*  Filter  open  90*  without  danger.    Evapormted  corona  shows  •-■  7-6. 
'Coronas  at  first  stooe-bhie  and  inegnlar,  soon  br^rrHnf  gBP. 
^Ckar  g  B  P  at  oooe. 

■For  air,  §•- 9.9  wog.    fiXier-i«s9o.    Large  ooraoM  fsfl  oat,  leaviac  a  smaller 


in 


m. 
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Several  interesting  features  are  seen  in  the  radium  and  X-ray  curves  in 
Ag-  33,  to  which  special  attention  may  be  called.  It  will  be  observed  that 
the  curves  for  distances  D^io  and  20  cm.  of  the  anticathode  from  the 
sides  of  the  fog  chamber  begin  and  terminate  in  nearly  coincident  curves 
and  coronas,  but  that  they  lie  at  some  distance  apart  in  their  middle 
regions.  Hence  available*  nuclei  are  apparently  not  more  numerous 
eventually  in  one  case  than  in  the  other,  but  they  are  larger  (virtually) 
in  the  middle  regions  for  the  stronger  radiations;  in  other  words,  the 
asymptote  is  more  quickly  approached  for  the  stronger  radiation. 


300 


400 


JOO 


zoo 


Fig.  23. — Efficient  nucleations  (n)  in  dust-free  air,  energized  or  not,  as  specified 

at  different  exhaustions  (dp).    Table  14. 

Again,  the  terminal  corona  in  case  of  the  data  for  X-rays  is  reached  long 
after  the  final  coronas  for  the  weak  radiation  from  radium  (10  mg. 
io,oooX);  t.  ^.,  the  number  of  nuclei  (ions)  in  the  case  of  the  weak 
radiation  ceases  to  increase  in  a  region  of  lower  exhaustion,  apparently, 
than  the  one  observed  for  the  more  intense  radiation.  Hence  in  case  of 
the  latter,  finer  gradations  of  nuclei  appear  to  occur,  as  if  the  radiation 
shattered  certain  of  the  larger  ions.    There  is,  however,  another  point  of 

^It  will  appear  below  that  for  nuclei,  large  or  small,  the  limit  is  reached  with  the 
given  number  of  nudei  per  cubic  centimeter,  corresponding  to  the  g  B  P  corona.  Nuclei 
in  excess  of  this,  large  or  small,  are  inefficient. 
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view  to  which  some  probability  may  be  assigned.  In  the  case  of  intense 
radiation  relatively  large  and  possibly  persistent  nuclei  are  produced  in 
greater  numbers,  and  these  may  capture  much  of  the  moisture  and 
prevent  condensation  on  the  smaller  ions,  until  proportionately  larger 
exhaustions  have  been  applied.  Examples  of  these  occurrences  will  be 
given  in  the  next  paragraph. 

CONNECTING  PIPES  TWO  INCHES  IN  DIAMETER. 

39.  Remarks  on  the  method. — ^The  connection  between  fog  cham- 
ber and  vacuum  chamber  was  now  further  enlarged  by  using  two  nipples 
6  inches  long  and  2  inches  in  diameter,  on  either  side  of  a  plug  stopcock 
of  2^  inches  bore.  The  latter  was  chosen,  since  much  of  the  resist- 
ance was  heretofore  encountered  in  this  place.  Usually  observations 
were  taken  at  long  intervals  of  time  apart,  to  allow  for  the  dissipation 
of  water  nuclei  due  to  the  evaporation  of  very  small  fog  particles. 
Moreover,  a  considerable  period  (three  days)  elapsed  before  definite 
results  could  be  recorded.  Something  of  a  nuclei-producing  character  is 
usually  present  some  time  after  assembling  the  parts  of  the  apparatus. 
The  coronas  under  otherwise  like  circumstance  gradually  increase  to  a 
maximtmi.  Moreover,  in  the  absence  of  all  leakage  inward  from  without, 
periodicity  of  coronal  diameter  is  often  in  evidence  in  the  successive 
exhaustions  and  especially  active  in  case  of  the  very  large  coronas.  The 
best  results  appear  after  long  waiting  before  each  observation,  whence  it 
follows  that  evaporation  from  the  heavy  paraffin  oil  used  for  tightening 
the  stopcocks,  leakage  of  nuclei  through  the  filter  or  through  unknown 
channels  is  quite  inefiEective.  Waiting  was  finally  made  needless  by  first 
exhausting  the  partially  exhausted  fog  chamber  before  each  definite 
observation.  The  effective  drop  of  pressure  is  then  small  and  only  the 
large  nuclei  are  caught  and  the  fog  particles  do  not  evaporate  appreciably. 
The  filter,  moreover,  in  all  tests  gives  evidence  of  entire  trustworthiness. 
It  was  customary  to  open  and  close  the  plug  cock  quickly,  between  stops, 
a  spring  opening  device  having  been  put  in  action.  In  no  case  was  there 
danger  of  under-saturation,  the  wet  cloth  linings  being  but  8  or  10  cm. 
apart,  above  and  below.  In  the  highest  exhaustions  used,  ^^  =  44  cm. 
about,  the  volume  expansion  is  fully  2.5,  so  that  60  per  cent  of  the  air 
must  thereafter  be  readmitted  freshly  through  the  filter.  Naturally  in 
this  slow  passage  it  would  be  not  only  denucleated  but  deionized,  if  there 
were  not  fresh  sources  of  penetrating  radiation  always  in  action  for  the 
reproduction  of  both  types  of  nuclei.  In  general  the  apparatus  seems  to 
have  behaved  faultlessly.  Such  irregularities  as  remain  must  then  in 
large  measure  have  been  introduced  by  the  fact  that  the  drop  of  pressure 
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was  (^served  at  the  fog  chamber  when  isothermal  conditions  hod  been 
reestablished.  It  should  have  been  computed  from  the  initial  pressures 
of  both  chambers  and  their  common  isothermal  pressure  when  in  com- 
munication, in  the  way  shown  in  the  next  section.  The  present  results, 
however,  suffice  for  comparison  with  the  preceding  and  following  work, 
and  it  is  probable  that  limiting  conditions  of  ef&ciency  have  already  been 
reached.  That  this  is  actually  the  case  will  also  be  shown  in  the  next 
section. 


40.  Data  for  pipes  2  inches  io  diameter,  13  incbes  Ioi4!^-The  results 
obtained  are  fully  given  in  table  1 5.  It  appears  that  coronas,  even  above 
the  large  green-blue-purpte  type,  appeared  at  the  high  exhaustions,  but 
this  is  not  quite  certain. 

Incidentally  some  data  on  the  effect  of  X-rays  from  different  distances 
are  included  in  the  tables  (part  VI  et  seq.).  The  usual  difficulty  of  an 
inconstant  X-ray  bulb  appears.  Moreover,  certain  peculiar  results  on 
the  distribution  of  the  nuclei  within  the  fog  chamber  in  case  of  symmet- 
rical exposure  to  weak  radium  are  here  again  noticed  ^art  V),  as  in 
Chapter  I,  section  4.  The  results  are  plotted  in  fig.  94  and  smooth 
curves  obtained  therefrom  are  shown  in  fig.  25- 

Tablb  15. — Air  nucleation  at  diScrcnt  suposaturationa.  Pipiiig  i  indies  in  diunetet, 
12  inches  long;  plug  gas  code,  3)  incbes  in  bore.  Wait  30  minutes  between  observa- 
Ibns.  Angular  diameter  of  coronas,  3  sin~' V60.  Ejre  40  cm.,  lamp  350  cm.,  on 
opposite  sides  of  fog  chamber,     ip  observed  isotfaermally  at  the  fog  chamber. 
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480 

28.9 

10.6 

wrog 

280 

1°  0 
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»7-4 
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36.6 
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130 
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33 

3 
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K 
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26.3 

6 
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WBP 
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34 
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87 
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»3 

1 

11.7 
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Tabls  15.— Continued. 
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>  As  intensity  of  ionisation  increases  there  is 
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41.  The  same,  continued.  X^aybulbiodoied  In  kad. — Intheexperi- 
ments  detailed  the  X-ray  bulb  was  not  inclosed,  so  that  secondary 
radiation  issued  from  the  whole  surrouBding  environment.  In  the  data 
given  in  table  1 7  the  bulb  is  surrounded  by  a  wide  lead  box,  containing  a 
window  7.5  cm.  in  diameter  fronting  the  fog  chamber.  The  window 
was  in  a  removable  side  or  lid  of  the  box.  This  was  Ic^t  at  a  long 
distance  (Z7»6oo  cm.}in  order  to  furnish  weaker  ionieation  than  was 
specified  in  table  15. 


Fig.  14. — Efficient  Budeatiom  in  dmt-fne  air,  energixed  or  not  by  radium  or  the  X-raji 
from  diflerent  distance!  (D)  and  different  exhaustions  (Sp).  X-rajr  bulb  not  within 
lead  case,  unless  stated. 


In  the  first  part  of  table  16  the  exhaustion,  dp  —  3-j  cm.,  Ues  below  the 
fog  limit  of  dust-free  air.  The  low  degree  of  ionization  is  thus  shown 
under  diflerent  conditions.  The  second  series  contains  a  number  of 
successive  exhaustions  for  an  increasing  dp,  with  the  radiation  passing 
through  a  thin  tin  plate.     Parts  III  and  IV  of  the  table  are  nmilar 
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series,  with  the  window  open  (tin  plate  removed),  the  last  series  being 
a  detail  for  the  initial  part  of  the  ctirve,  which  is  of  especial  interest. 
The  results  are  also  shown  in  fig.  34,  where  their  relation  to  the  lowest 
curve,  Z>  =  6oo  cm.,  for  the  open  or  non-inclosed  X-ray  bulb  becomes 
evident.  In  each  of  these  curves  there  is  a  definite  horizontal  branch 
within  which  the  ions  predominate.  Beyond  this  lies  the  rise  due  to  the 
colloidal  nuclei,  but  the  curves,  and  partictdarly  the  asymptotes,  are 
depressed  in  both  cases. 

Tablb  16. — Nucleations  at  different  exhaustions.  2}-inch  cock,  2-inch  piping,  12 
inches  long.  X-ray  bulb  in  lead  case  at  D-600  cm.  from  glass  fog  chamber. 
Aperture  in  case  7.5  cm.  in  diameter. 


Lead  box. 

s. 

Cor. 

dp. 

n  X 10-'. 

I.  Window  open 

3.1 
.0 

cor 
cor 

20.5 
20.5 

8.4 
.0 

Window  closed  with  lead. 

Window  open 

3.4 
2.9 

cor 
cor 

20.5 
20.5 

II. 7 
6.8 

Window  closed  with  tin*. 

Front  lead  side  off* 

3.5 

cor 

20.5 

130 

II.  Closed  with  tin  plate. . . 

.0 

cor 

18.6 

.0 

3.0 

cor 

20.6 

7.6 

2.7 

cor 

22.3 

6.4 

2.8 

cor 

23.7 

7.0 

4.1 

cor 

26.8 

243 

12.0 

wybg 

31.2 

380 

gBP 

34.7 

480 

III.  Tin  plateoff 

•wybg 
wog 

33.8 

400 

^»  ^^  ^^   9               ^m    ^B  ^p^v         M^  ^  ^^^  ^v  ^^      ^i^  ^  ^VVVVVVVV       WW 

•   •   ■  • 

31.0 

I 

305 

5.2 

wr 

28.0 

55 

4-2 

cor 

26.6 

26 

4.1 

cor 

24.5 

23 

4.2 

cor 

22.5 

24 

3.4 

cor 

20.7 

12 

2.6 

cor 

20.0 

5.2 

Tin  plate  on 

1 .7 

cor 

20.0 

1-7 

IV.  Tin  plate  off 

# 

2.5 

3-8 

cor 
cor 

20.0 
21.5 

4.8 
17 

4.2 

cor 

22.0 

24 

4.0 

cor 

22.7 

20 

4.0 

cor 

24.0 

21 

^  open  side  over  i  foot  square. 

>Lead  sheet  o.ia  cm.  thick;  tin  plate  0.03  cm.  thick. 


'  After  long  waiting. 


42.  Discussion. — It  will  now  be  in  place  to  make  a  more  complete 
survey  of  the  manifestations  of  nucleation  in  dust-free  air  under  any 
conditions.  Figs.  24  and  25  are  useful  for  this  purpose.  With  regard 
to  the  method  I  may  recall  that  the  difficulties  were  enhanced  by  the 
need  of  providing  rapid  exhaustions  in  case  of  a  fog  chamber  large 
enough  to  measure  the  coronas  and  to  show  the  sequence  of  axial  colors. 
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The  earliest  result8(ChapterI,8ection  i a) scarcely  c^toredtbemaxiinum 
of  30,000  nuclei  under  the  extreme  exhaustion  corresponding  to  the 
limiting  asymptote  (marked  "preliminary"  in  6g.  24).  In  proportion 
as  the  apparatus  was  perfected,  this  asymptote  was  raised,  step  by  step, 
until  nucleations  of  atleast  500,000  were  left  in  the  txhausted  ft^  chamber. 
Probably  the  asymptote,  or  more  accurately  the  terminal  corona,  obtained 
in  any  given  type  of  apparatus,  indicates  that  the  limit  of  condensing 


0£ai.  SIZE—*- 

Fig.  35 — Smooth'curve  from  fig.  24.      Nuckation  (AT)  of  dust-free  aii 

nuclei  per  cubic  centimeter,  energized  or  not ,  as  stated,  by  weak  radium,  or  by  thcX-rays, 
at  different  distances  {D  in  cm.).  The  letten  attached  to  the  curves  indicate  the 
characteiistic  oolora  of  the  inner  field  (or  its  margin)  of  the  largest  coronas,  the  order 
of  colors  being  R,  O,  V,  G,  B.  The  abscissas  show  the  observed  isothermal  drop  of 
presstire  by  which  the  supersaturation  is  produced  and  the  nudeations  applied  rela- 
tively to  the  given  apparatus.  The  line  marked  "air"  shows  the  behavior  of  dmt-frM 
non-energiied  air  terminating  in  the  large  green  coronas.  In  a  perfect  apparatus 
supersatm-ation  would  increase  enormously  beyond  a;  the  droplets  wotild  beat  ficei' 
ing  beyond  b.  In  the  given  apparatus  efficiency  prot>ably  ceases  beyond  c  when  damp 
air  is  the  medium. 

power  has  been  reached.  Between  the  fog  limit  and  the  terminal  corona 
the  graph  rises  in  a  straight  upward  sweep;  and  it  is  remarlcable  that 
the  rates  at  which  the  nucleation  decrease  with  the  drop  of  pressure,  or 
better  with  the  volume  expansion,  are  about  the  same  between  fog  limit 
and  asymptote,  no  matter  whether  they  lie  within  the  region  of  high 
supersaturation  characteristic  of  the  colloidal  nuclei  or  in  the  region 
of  relatively  low  supersaturation  characteristic  of  ionized  air.    Moreover, 
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they  are  the  same  in  any  apparatus,  within  the  limits  of  its  efficiency. 
In  fact,  even  the  curve  which  I  have  endeavored  to  reduce  to  the  same 
scale  from  Wilson 's  disk  colors  for  non-energized  dust-&ee  air  (apart 
from  differences  in  the  meaning  ot  8p  to  he  explained  in  the  next  sec- 
tion) lies  in  the  same  region  of  pressure  difference,  and  shows  a  slope 
quite  in  keeping  with  the  other  curves.*  For  an  imperfect  apparatus, 
on  the  other  hand,  the  slope  terminates  abruptly  at  a  lower  asymptote 
and  in  a  region  of  higher  exhaustion.  It  will  be  convenient  to  refer 
to  the  nuclei  belonging  to  the  slopes  specified  as  representative  nuclei. 

To  obtain  the  curve  for  the  colloidal  nuclei  of  dust-free  air,  it  is  often 
necessary  to  wait  a  week  or  more,  until  tmknown  internal  sources  of 
nucleation  have  spent  themselves.  Moreover,  the  isolated  observations 
made  with  advantage  ought  to  be  made  hours  apart,  for  it  is  with  the 
exhaustion  that  the  release  of  spurious  internal  nuclei  occurs,  suggesting 
that  water  nuclei  due  to  the  evaporation  of  small  fog  particles  are  possibly 
in  question. 

The  air  curve  passes  through  the  first  two  cycles  of  large  coronas, 
terminating  beyond  the  highest  green-blue-purple,  actually  in  the 
stone-blue  or  higher  coronas,  the  first  of  the  series  producible  in  the 
fog  chamber  by  any  means  whatever.  It  corresponds  with  the  opaque 
of  the  steam  jet,  beyond  which,  however,  there  exists  another  cycle 
of  yellows,  to  my  knowledge  beyond  the  reach  of  the  fog  chamber.  It 
is  not  probable  that  the  medium  is  as  yet  quite  optically  inactive  after 
the  bluish  coronas  specified,  but  merely  appears  so  in  small  thicknesses. 

If  we  turn  from  the  curve  of  non-energized  air  to  the  case  of  weak 
ionization  such  as  is  produced  by  lo  mg.  of  impure  radium  (10,000  X) 
or  by  the  X-rays  from  a  distance  of  6  meters,  we  may  note  in  the  first 
place  that  the  coronal  fog  limit  has  enormously  decreased  as  compared 
with  its  position  in  dust-free  non-energized  air.  The  nuclei  are  therefore 
throughout  correspondingly  larger  in  size.  The  nucleation  soon  rises 
with  an  approach  to  the  characteristic  slope  referred  to,  showing  that 
the  representative  ions  lie  within  a  relatively  narrow  range  of  sizes,  the 
curve  of  distribution  terminating  in  a  maximum.  With  increasing 
exhaustion  the  nucleation  first  decreases  to  a  minimum;  hence  to  all 
appearances  the  ions  are  now  partially  destroyed  or  else  materially 
reduced  in  size  at  low  pressure,  so  as  to  fail  of  capture  even  in  the  higher 
exhaustions.  Beyond  the  minimum  the  final  and  most  interesting  stage 
of  variation  characteristic  of  weak  ionization  may  be  observed.  The 
nucleation  rapidly  rises  again,  eventually  to  approach  the  asymptote  of 
dust-free  air.    In  explanation  of  this  phenomenon,  we  may  agree  that 

'^The  coincidence  between  my  interpretation  of  Wilson's  disk  colors  and  my  own  data 
holda  only  when  the  drop  of  pcessure  b  observed  at  the  fog  chamber.    See  section  48. 
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further  nuclei  are  destroyed  or  rendered  relatively  inefficient  by  the 
low  pressure  until  there  is  a  sufficient  excess  of  supersaturation  to  actually 
capttire  the  colloidal  nuclei  of  dust-free  air  more  and  more  fully  in  the 
presence  of  the  ions  (few  in  number  and  small  in  size)  remaining.  Pos- 
sibly the  relative  number  of  ions  and  colloidal  nuclei  is  itself  a  suffi- 
cient reason;  but  it  since  seems  clear  that  an  apparatus  which  ceases 
to  produce  condensation  on  colloidal  nuclei  much  below  8p^  ^$  cm. 
can  not  be  expected  to  regain  efficiency  between  ip^zS  ^^^  Sp'^4S 
cm.,  unless  there  is  destruction  of  whatever  has  been  holding  down  the 
effective  nucleation  to  low  numbers.  As  the  ions  decrease  either  in  size 
or  number,  there  is  a  reappearance  of  the  normal  colloidal  nucleation 
of  dust-free  air.     Its  asymptote  is  less  and  less  depressed. 

Under  moderate  ionization,  such  as  is  obtained  from  the  X-ray  bidb 
at  a  distance  of  i  to  2  meters,  the  fog  limit  is  definitely  reduced,  showing 
the  presence  of  an  order  of  larger  nuclei;  the  asymptotes  are  correspond- 
ingly higher  and  they  are  reached  later  (i.  e,,  at  higher  exhaustions), 
indicating  the  presence  of  smaller  nuclei  than  in  the  preceding  cases, 
as  well  as  larger  nuclei,  unless  the  increased  presence  of  the  latter  retards 
condensation  on  the  former.  The  range  of  sizes  within  which  the  repre- 
sentative nucleations  lie  is  definitely  extended  in  both  directions,  but 
particularly  on  the  sides  of  the  smaller  nuclei.  The  maximum  and  the 
minimum  are  flattened,  though  destruction  of  ions  still  occurs  at  low 
pressure. 

The  new  feature  of  these  curves  is  their  failure  to  rise  from  the  mini- 
mum toward  the  asymptote  of  dust-free  air.  It  follows  that  the  ions 
are  now  present  in  too  large  a  number,  even  relatively  to  their  reduced 
sizes  at  high  exhaustion  (if  this  obtains),  to  leave  an  excess  of  super- 
saturation  sufficient  to  catch  the  colloidal  air  nuclei;  or,  from  the  other 
point  of  view,  the  kinetic  ionization  pressure  is  too  strong  to  admit  of 
sufficient  rupture  of  the  nuclei  even  at  the  lowest  pressures  applied. 
(Section  43.) 

In  the  comparison  of  both  series  of  experiments,  the  occurrence  of 
the  intersection  of  the  curve  is  noteworthy.  In  other  words,  the  nuclea- 
tion, apparently  produced  at  high  exhaustion  by  an  X-ray  bulb  at  6 
meters  from  the  fog  chamber,  may  be  much  larger  than  the  nucleation 
produced  from  200,  100,  or  even  50  cm.,  due  (as  we  have  supposed)  to 
the  reappearing  efficiency  of  the  colloidal  nuclei  in  the  former  case. 
Similar  complications  surround  the  distance  effects  at  other  pressures; 
but  under  conditions  of  sufficiently  moderate  exhaustion,  i.  e.,  below 
the  fog  limit  of  filtered  air,  the  distance  effects  between  50  and  600  cm. 
remains  disproportionately  small. 

When  the  ionization  is  relatively  intense,  as  when  the  anticathode  is 
from  10  to  60  cm.  from  the  thinner  side  of  the  glass  fog  chamber,  the 
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fog  limit  has  decreased  somewhat  further,  showing  increased  abundance 
of  the  larger  nuclei;  but  the  slope  closely  resembles  the  corresponding 
case  for  dust-free  air.  There  is  no  maximum,  but  a  terminal  asymptote, 
or  better,  a  terminal  corona  of  fixed  aperture.  This  corona,  which  is 
here  the  largest  obtainable  in  the  fog  chamber,  is  even  at  the  highest 
ionizations  reached  at  supersaturations  below  the  coronal  fog  limits 
for  dust-free  air,  and  long  before  the  apparatus  has  ceased  to  function. 
It  is  impossible  to  state  whether  colloidal  nuclei  are  simultaneously 
present  but  inactive  or  whether  their  inefficiency  is  due  to  actual  absence. 
It  thus  becomes  a  problem  of  great  theoretical  importance  in  its  bearing 
on  this  subject  to  determine  how  the  precipitated  supersaturation  is 
distributed  among  groups  of  nuclei  of  different  sizes. 

It  is  finally  to  be  observed  that  the  terminal  corona  is  the  same,  both 
for  the  ionized  and  the  non-ionized  state  of  the  gas.  The  maximum 
number  of  nuclei  which  can  be  caught  per  cubic  centimeter  seems,  there- 
fore, to  be  a  constant  for  the  apparatus  and  the  medium  inclosed,  and 
to  be  independent  of  the  size  of  the  nuclei,  whether  large  like  the  ions 
or  small  like  the  colloidal  nuclei.  In  the  above  apparatus,  with  an  air- 
water  medium  it  is  difficult  to  pass  beyond  the  large  green-blue-purple 
corona. 

43.  Radiant  fields. — The  occurrence  of  a  succession  of  groups  of 
colloidal  nuclei  of  (let  us  say  for  simplicity)  continuously  decreasing  size 
and  continuously  increasing  number,  is  suggestive;  for  each  group  is 
essential  in  the  given  natural  but  otherwise  unknown  environment. 
They  are  at  once  restored  if  withdrawn.  These  conditions  may  be  imi- 
tated or  varied  artificially  by  approaching  the  radium  tube  at  different 
distances  from  the  fog  chamber,  in  which  case  the  efficient  nucleation 
will  for  weak  radiation  usually  decrease,  as  the  intervening  distances 
are  smaller. 

Furthermore,  in  the  presence  of  radium  the  character  of  the  phenom- 
enon is  the  same,  except  that  the  nuclei  are  throughout  larger.  With- 
dravm  by  precipitation  they  are  at  once  restored.  They  are  an  essential 
part  of  air  in  the  new  (radiant)  environment  and  the  nuclei  are  again 
graded. 

It  is  natural  to  compare  the  particular  nuclear  status  introduced  in  the 
latter  case  by  a  particular  kind  of  radiation  (gamma-rays)  with  a  former 
case  of  dust-free  air  in  the  absence  of  recognized  radiation.  In  other 
words,  if  we  abstract  from  the  details  of  the  mechanism  which  are  un- 
kno¥m  for  the  colloidal  nuclei,  chemical  agglomeration  might  be  con- 
sidered referable  to  some  radiant  field,  unknovm  but  otherwise  essentially 
alike  in  kind,  to  the  much  coarser  nucleations  observed  on  exposure  to  the 
known  radiant  field.    The  effect  of  radium,  however  distant,  is  virtually 
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an  increase  of  size  of  the  efficient  air  nuclei  and  a  decrease  of  their  number. 
Hence  if  we  were  to  fancy  that  the  colloidal  nudeation  of  air  responds 
to  its  own  radiant  environment,  this  would  have  to  be  special  in  kind. 

Recently  I  have  made  similar  tentative  inquiries  as  to  whether  the 
ions  and  persistent  nuclei  might  not  be  regarded  as  colloidal  nuclei 
aggregated  by  kinetic  pressure,  corpuscular  or  tmdulatory;  for  in  view 
of  the  occurrence  of  pronounced  secondary  action  within  the  fog  chamber, 
the  radiation  at  any  point  must  be  considered  as  sufficiently  the  same  in 
all  directions  to  be  equivalent  to  a  Lesage  medium.  It  is  then  possible 
to  account  for  the  nucleation  in  any  ionized  field,  for  fleeting  and  per- 
sistent nuclei,  for  condensational  differences  of  positive  and  negative 
ions,  for  fleeting  nuclei  otherwise  identical  but  respectively  charged  and 
uncharged,  for  the  destructive  effect  of  low  pressure  and  the  cotmter- 
action  in  strong  ionized  fields,  for  electrical  differences  in  the  effect  of 
ultra-violet  light  and  of  X-rays,  etc.,  with  a  single  straightforward 
hypothesis. 

While  such  a  view  may  be  worth  a  statement,  it  would  at  the  outset 
encotinter  very  determined  opposition;  and  the  distinctive  or  differen- 
tiating evidence  to  sustain  it  is  uncertain.  Briefly,  if  we  admit  that 
with  ions  sufficiently  large  and  sufficiently  numerous,  relatively  speaking, 
the  colloidal  nuclei  are  virtually  non-existent  (so  far  as  the  fog  chamber 
is  concerned),  since  the  former  capture  all  the  available  moisture,  most 
of  the  phenomena  of  nucleation  admit  of  interpretation,  and  additional 
hypotheses,  however  alluring,  are  not  called  for.  Moreover,  so  long  as 
the  representative  colloidal  nuclei  are  definitely  smaller  than  the  smaller 
ions,  even  in  the  strongest  electrical  field — ^in  other  words,  if  what  may 
be  called  the  shattering  action  of  strong  fields  always  fails  to  reveal 
ionized  nuclei  as  small  as  the  representative  colloidal  nuclei — ^the  special 
interpretation  is  not  warranted. 

In  conclusion,  if  we  asked  what  is  the  most  important  outcome  of 
researches  of  the  present  character,  I  should  refer  to  the  appearances 
obtained,  indicating  that  a  gas,  or  at  least  a  moist  gas,  far  from  being  a 
uniform  system,  behaves  like  an  assemblage  of  nuclei  which  decrease  in 
size  and  increase  in  number  as  the  molectdar  dimension  is  approached. 
Every  group  of  nuclei  is  none  the  less  a  structurally  essential  part  of  the 
gas  and  (be  the  number  of  groups  few  or  many)  is  at  once  restored  if 
withdrawn,  while  the  molecule  itself  is  disting^shed  among  the  many 
nuclei  of  its  own  kind  by  the  maximum  frequency  of  occurrence. 

In  the  above  cases  (fig.  35)  the  occurrence  of  nearly  identical  slopes 
for  colloidal  nuclei  and  for  strong  ionization  may  thus  be  regarded  as 
the  initial  branch  of  a  law  of  distribution  of  sizes  given  by  the  theory 
of  dissociation. 
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COLLOIDAL   NUCLEI  IN  DUST-FREE  AIR.     EXHAUSTION   PIPES  AND 

STOPCOCKS  POUR  INCHES  IN  DIABiETER. 

44.  Purpose. — In  the  above  experiments,  the  efficiency  of  the  fog 
chamber  in  regard  to  the  capture  of  very  small  nuclei  was  successively 
increased  by  enlarging  the  efflux  pipe  in  diameter  as  far  as  2  inches. 
In  the  present  experiments  a  further  step  is  taken  by  increasing  the 
diameter  to  4  inches.  This  final  step,  however,  did  not  show  the  marked 
improvement  which  might  have  been  anticipated,  while  the  diffictilty 
of  manipidating  a  plug  weighing  25  pounds  is  obvious.  The  limiting 
coronas  here,  as  above,  were  the  large  green-blue-purple  type,  and  in  no 
apparatus  of  the  present  kind  has  it  been  certainly  possible  to  exceed 
this  in  angular  aperture.  The  use  of  so  large  a  stopcock  introduces 
other  diffictilties.  It  is  in  the  first  place  nearly  impossible  to  make  it 
quite  tight.  Provision  against  the  influx  of  external  air  may  be  made 
in  perfection,  by  aid  of  an  annular  oil  bath  of  the  above  form;  but  slow 
leakage  from  the  fog  chamber  to  the  vacuum  chamber  arotmd  the  plug 
could  not  be  avoided.  This  is  an  inconvenience,  though  it  need  not 
introduce  serious  error.  With  a  tightly  packed  filter  the  air  within  the 
fog  chamber  is  never  quite  at  atmospheric  pressure,  but  a  few  milli- 
meters below  it,  so  that  the  exhaustion  begins  at  a  lower  pressure  than 
76  cm. 

45;  Apparatus. — ^This  is  shown  in  fig.  26,  where  F  is  the  fog  chamber, 
V  the  vacutun  chamber,  C  the  4-inch  stopcock  between,  P  the  air 
pump.  The  pressure  within  the  vacutun  chamber  is  given  by  the  gage 
G,  which  also  communicates  with  the  air  pump.  The  latter  may  be 
shut  off  by  the  glass  two-way  stopcock  c,  which  serves  also  for  the 
admission  of  dust-free  atmospheric  air  when  pressure  is  to  be  lowered 
through  the  filter  /.  The  gage  g  is  in  communication  with  the  fog  chamber 
by  the  rubber  pipe  ab,  which  contains  a  lateral  branch  (not  shown) 
with  a  fine  screw  stopcock  through  which  thoroughly  dust-free  air  may 
be  admitted  into  the  fog  chamber  from  a  long  well-packed  filter  (not 
shown)  beyond  the  cock. 

The  heavy  plug  of  the  stopcock  is  handled  at  h  and  counterpoised 
by  the  spring  p  on  a,  pulley.  By  properly  adjusting  the  tension  (taking 
care  to  allow  for  excess  and  diminution  of  air-pressure),  the  plug  may 
be  rotated  as  easily  and  quickly  as  a  much  smaller  valve.  There  is  no 
evidence  that  increased  speed  in  the  rotation  of  the  stopcock  would 
have  increased  the  efficiency  of  the  fog  chamber.  The  limit  reached 
depends  rather  on  the  law  of  flow,  the  gradient  of  which  eventually 
vanishes.  The  projecting  rims,  m  and  n,  of  the  stopcock  and  lower  end 
of  the  plug,  form  annular  troughs  into  which  oil  or  mercury  may  be 
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poured  (iron  stopcock)  and  the  inSow  of  the  external  air  absolutely 
avoided.  The  cock,  moreover,  is  in  this  way  virtually  floated  in  oil ; 
though  no  such  provision  is  possible  to  avoid  leak^;e  from  F  to  V 
through  C  as  already  stated. 

The  goniometer  for  the  measurement  of  the  angular  diameter  of  the 
coronas  is  shown  somewhat  indistinctly  at  D.  The  small  vertical  plate 
which  serves  as  the  eye  rest  is  40  cm.  from  the  axis  of  the  fog  chamber, 
to  which  it  is  rigidly  attached,  but  with  freedom  of  rotation  about  a 
vertical  and  horizontal  axis  and  translation  along  the  latter.  The  arms 
are  30  cm.  long,  opened  and  closed  by  a  tangent  screw.  The  point 
source  of  light  (not  shown,  part  of  a  Welsbach  mantle)  lies  950  cm. 
behind  the  fog  chamber,  in  the  same  horizontal  plane. 


Fig.  z6, — Dispusition  of  appatntus  in  case  or  fog  chamber  (F)  and  \ 
( V)  coanected  by  a  4-inch  exhaustion  pipe,  etc. 

The  X-ray  bulb,  adjustably  placed  with  the  induction  coil  and  inter- 
rupter on  a  table  provided  with  wheels,  could  be  moved  as  near  to  the 
fog  chamber,  or  remote  from  it,  as  desirable,  with  facility. 

The  fog  chamber  itself  was  a  cylindrical  jar  of  glass,  provided  with  a 
metallic  face  held  in  place  by  bolts  and  tightened  by  a  rubber  gasket. 
Wax-resin  cement  was  used  in  liberal  quantity  everywhere,  and  internal 
metallic  parts  were  so  far  as  possible  covered  with  a  coat  of  it.  In  later 
experiments  a  cylinder  of  wet  cloth  was  placed  in  the  tube  between  C 
and  F,  to  saturate  air,  in  addition  to  the  rectangular  framework  within 
the  fog  chamber. 
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46;  Exhaustion  difficulties. — ^As  the  stopcock  was  not  tight  internally, 
the  final  or  isothermal  pressure  in  the  fog  chamber  could  not  be  regis- 
tered. In  any  case  it  is  doubtful  whether  the  cock  can  be  closed  again 
quickly  enough.  It  was  therefore  customary  in  the  following  experi- 
ments to  put  the  vacuum  chamber  and  the  fog  chamber  in  contact  for 
a  short  time,  after  isothermal  ccfnditions  had  been  reestablished.  Long 
communication  between  the  fog  chamber  and  the  vacuum  chamber  is 
unadvisable  from  other  points  of  view,  since  the  character  of  the  nuclea- 
tion  of  the  latter  is  not  so  well  guaranteed  It  is  therefore  necessary 
to  ascertain  the  conditions  under  which  exhaustion  takes  place. 

Let  V  be  the  volume  of  the  fog  chamber,  V  the  volume  of  the  vacuum 
chamber,  k/c  the  ratio  of  specific  heats  of  the  moist  gas,  and  let  />,  v,  r,  f>, 
denote  its  pressure,  volume,  absolute  temperature,  and  density,  under 
conditions  given  by  the  subscripts.  It  will  be  convenient  to  refer 
to  the  vacuum  chamber  by  the  same  symbols  with  accents.  Hence  the 
successive  thermal  states  will  be  for  dry  air, 


For  the  fog  chamber. 


For  the  vacuum  chamber . 


Initially ^-76, 

Adiabatically  (alone) Pi 

l8othennally(alone) p^ 

Isothermally  (together) . . .  ^, 

Initially p' 

Adiabatically  (alone) P't^Pi 

Isothermally  (alone) ^, 

Isothermally  (together) . .  p^^^Pt 


r 

P 

^i 

Pi 

T^^T 

Pt^Px 

^i^r 

P% 

r'-T 

P^ 

r't 

P\ 

r',-r 

P^^^P\ 

r'.-r. 

P\-P. 

The  equations  describing  the  transformations  are  (again  for  dry  air) : 


r       (p\  (*-^)/* 


/|"U) 


//  \  (*<)/* 


P'    ^Rp'r 

p\  ^Rp\r 

p'l  -/?/iT-/?pV 

Otp2  Iff \^9\tif^ 


p  *Rpr 
pi^'Rpi^i 

pi^Rpt^^RpiT 

3 pi;+P^K-Pit;+/iK=p,t;+f*^,K-f>a  (v+  V) 

From  these  one  may  deduce,  relative  to  the  value  of  pi, 

V  {pil^)/f^p^c/k^  p9)^V  (Pa  -  p^^^)/kp^c/k) 
or 

j>.(i+t;/V) 

'* ^'^    "    //(*-c)/*+(t,/lO/»(M/* 

s P^i+p*  •  «/v-/»,  (i  +»/vo 
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where  />,  //,  />„  are  observable  with  certainty.  While  equation  (5)  is 
variously  useful  in  checking  the  results,  it  does  not  admit  of  the  indi- 
vidual determination  of  p^  and  /Z^.  For  this  purpose,  however,  the 
equations  (i)  and  the  second  and  third  of  group  (a)  are  available,  with 
the  results  (for  dry  air) 


6 />,-/>(*<)/*  p^c/k 


//,-//(M/A/^iC/li 


since  />i^/*  is  given  in  equation  (4). 

Using  these  equations,  the  data  of  table  17  were  computed,  in  con- 
nection with  incidental  results  tested  for  the  ptupose. 

Tabus  17. — Values  of  adiabatlc  (^1)  and  isothermal  (p^,  p^^)  pressure  for  dry  air.  Pres- 
sures computed  from  the  initial  pressures  (^ — 76,  p^)  and  the  final  oommon  isothermal 
pressure  p,  of  the  communicating  fog  and  vacuum  chambers  with  other  similar 
data.    Volume  ratio  v/K -0.064;  temperature  20°. 


Observed. 

Computed. 

« 

Observed. 

«i-273 

P' 

A'. 

P*- 

tA',. 

Pv 

Pr 

A'. 

tP"v 

<!• 

^1 

76 

430 

45-4 

48.0 

45.7 

•                •  •  •  • 

39 

5 

42.3 

45.2 

•                 •  •  •  • 

42 

5 

45.2 

47-9 

•                 •  •  •  • 

43 

5 

45-5 

47.9 

45.7 

52.9 

45. 

0       45.6 

-20.2** 

H3' 

45 

5 

47-3 

49-3 

47-4 

47 

5 

48.9 

50.9 

48.9 

51 

.5 

52.5 

54.3 

52.4 

58.3 

52 

1    A                           •     •     •     • 

-  9  9^ 

21. 5^ 

53 

5 

54-3 

56.1 

t     •                           •     •     •     • 

55 

5 

— 

"~" 

1     •                            •     •     •     • 

57 

5 

58.0 

59.8 

»     •                             •     •     •     • 

59 

5 

59.7 

62.2 

59.4 

63.8 

59 

.4               — 

.2^ 

20*» 

43 

5 

45.7 

48.4 

■    •                      a    •    •    • 

43-5 

45-4 

48.0 

•    •                      •    •    •    • 

*  Checked  p*  2 +p2r/V-|),  (i  +  t/F). 

t  Observed  as  soon  as  possible  at  the  fog  chamber.    Nearly  same  later. 

X  Observed  as  soon  as  possible  at  the  vacuttm  chamber,    p^i  *  ps  nearly. 

The  data  of  table  17  are  computed  for  dry  air  throughout  and  are 
given  in  fig.  27a,  graphically.*  The  results  of  the  table  are  very  impor- 
tant. In  the  first  place,  it  will  be  seen  not  only  that  isothermal  pressures 
or  nearly  isothermal  pressures  are  not  observed,  but  that  the  eflEect  of  the 
vacuum  chamber  is  preponderating.  Thus  the  pressure  at  the  latter 
(P^i)  read  off  as  soon  as  possible  and  nominally  adiabatic  is  within  i  mm. 
of  />,.  Similarly  the  computed  adiabatic  pressure  (pi)  is  within  a  few 


'^The  curve  {p,)  is  of  no  interest  here  and  should  be 
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millimeters  of  ff  y^  and  p,.  It  follows,  therefore,  that  even  an  approach 
to  isothermal  pressure  can  not  be  discerned  at  the  fog  chamber  at  all, 
to  say  nothing  of  adiabatic  pressure;  or  that  before  the  exhaust  cock 
can  be  closed  again,  the  vacuum  chamber  has  practically  regained  its 
isothermal  pressure  by  cooling  and  that  the  fog  chamber  is  further 
exhausted  by  a  corresponding  amount.  The  pressure  p'l^/Z'j  observed 
under  isothermal  conditions*  at  the  fog  chamber  exceeds  px  (computed) 
by  about  1.9  cm.  on  the  average,  which  might  be  regarded  as  the  average 
vapor  pressure  of  water  at  the  temperature  at  which  the  observation  was 
made.  Leaving  this  for  further  consideration,  the  final  result  of  impor- 
tance is  the  following:  />2>  the  computed  isothermal  pressure  in  the 
closed  fog  chamber,  is  from  2  to  5  cm.  above  the  observed  (nominally) 
isothermal  pressure />'i=/>,  (observed),  and  correspondingly  more  than 
this  above  the  common  isothermal  value  (/>,)  usually  taken.  For  the 
region  in  which  colloidal  nuclei  lie  the  correction  will  be  in  excess  of 
the  difference  between  the  pressure  regions  containing  Wilson's  data  for 
colloidal  nuclei,  as  reduced  elsewhere,t  and  the  region  in  which  my  own 
data  as  summarized  below  would  lie.  In  other  words,  the  data  in  my 
large  coronal  apparatus  lie  in  regions  of  exhaustion  at  least  as  moderate 
as  those  observed  in  Wilson's  small  apparatus;  or  the  two  types  of 
apparatus  compare  in  efficiency  if  the  drop  of  pressure  taken  is  not  the 
apparent  experimental  value  but  that  deduced  for  the  computed  isother- 
mal pressure  (/?,)  of  the  fog  chamber,  as  above  explained. 

47.  The  same,  continued;  Case  of  air  in  the  fog  cliamber  saturated 
with  water  vapor. — It  will  next  be  necessary  to  compute  the  above 
data  with  allowance  for  the  vapor  pressure  of  water  in  the  fog  chamber, 
supposing  the  vacutim  chamber  to  be  dry,  which  may  seem  to  be  in  a 
measure  true,  since  it  is  heated  by  the  same  transfer  of  air  which  cools 
the  fog  chamber.  Hence  in  the  summary,  if  n  is  the  vapor  pressure  of 
water,  the  equations  relating  to  the  fog  chamber  have  to  be  modified  to 

p-;,\(*-c)A 


2.  .  . 


p  —n  =RpT 

Pl—TCi^Rpiti 

**tiua  pressure  varies  but  sli^tly. 

fPresidential  address,  Physical  Review,  xxn,  1906,  p.  107. 
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From  these  the  value  of  pi  appears  as 


p,c/k 


where  njpi  occurring  with  the  factor  v/V  may  be  neglected  Further- 
more 

8 (p^-  ;r)  =  (/>-7r)(M/*(/>j-;ri)^/*;  p^^^pHk^)/kp^c/k 

where  Tti  (respectively;:  =o.io,  0.24,  0.51  in  comparison  with  p^s  45.6, 
52.2,  59.3)  may  again  be  neglected. 

The  results  of  this  computation  are  given  in  table  18  and  fig.  276. 

Table  18  also  contains  the  value  of  8p  observed  as  p-pt  and  computed 
as  p-ptt  the  latter  being  the  correct  value.  This  table  of  corrections 
will  not  apply  below  the  Umits  of  computation,  since  iti  now  becomes 
appreciable  in  comparison  with  p^ ;  but  above  p-pg  =  15  cm.,  a  table  may 
be  constructed  from  which  8p=p-p2  may  be  taken  at  once.  In  this 
way  the  following  data  will  be  corrected  Since  the  main  data  for  col- 
loidal nuclei  lie  between  p-pi  =  2$  cm.  and  32  cm.,  the  correction  will 
lie  between  -4  cm.  and  -6  cm. 

Tablb  18,  corresponding  to  table  17  for  saturated  moist  air  in  the  fog  chamber.    Tem- 
peiSLiure  20°;  vapor  pressure  1.7  cm.;  ^-76;  v/V -0.064. 


dp. 

Observed. 

Computed. 

P-Pz- 

P-P2- 

/>!. 

/>,. 

*/>/. 

iP^''• 

Pi- 

/>.. 

P2'- 

'•l- 

^i- 

30.5 

235 
16.3 

25.2 
19.9 
14.4 

43.5 
51.5 
59.5 

45.5 
52.5 

59-7 

47.9 

54-3 
62.2 

45.6 

•  •    •    • 

•  •    •    ■ 

45-6 
52.2 

59.3 

50.8 
56.1 
61.6 

44.9 
52.0 

59.3 

-18.7 
-8.5 

+  1-5 

+  24.0 
21.2 
+  20 

*  Observed  as  soon  as  possible  at  the  fog  chamber;  neariy  same  later. 
t  Observed  as  soon  as  possible  at  the  vacutim  chamber;  Pi'^Pm  nearly. 


Tablb  u 

J. — ^The  results  are  for  ir-  1.7  at  20 

^ 

/>. 

/>'. 

/>,. 

P2' 

v/V^i. 

v/V" -0.064. 

v/V'-o. 

76-lr 

43.5 
51.5 
59.5 

45-5 
52.5 
59.7 

48.1 

54.4 
60.7 

50.8 
56.1 
61.6 

53- 1 
58.4 
6^3.7 

SgUATIONS    OF    FOG    CHAMBER. 


Fio.  3^a. — Computed  pressures  in  the  log  chamber  and  in  the  exhaustion  chamber 
for  atmospheric  preasuie,  p  in  the  former  and  ^  in  the  tatter.    Dry  air.    Table  17. 

Fig.  37b. — ^Wet  air  in  the  fog  chamber.    Table  iS. 

Fio,  2%. — iBothermal  pressure  in  the  iaotated  fog  chamber  for  different  TOlume  ratios 
(v/V^  of  the  fog  chamber  and  vacuum  diamber.    Table  19. 
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It  may  be  of  further  interest  to  compute  the  values  of  ^-/>,for«/y— i 
(a  small  exhaustion  chamber)  and  for  v/V—o  (one  of  immense  size) 
for  the  same  values  of  p,  p',  p„  observed  isothermally  and  initially  at 
the  fog  chambers  and  vacuum  chambers  and  finally  when  both  are  in 
communication.     The  results  for  90°  are  given  in  table  19,  page  56. 

These  data  are  charted  in  figs.  38  and  30,  to  a  first  approximation,  in 
terms  of  v/V  and  p^.  If  expressed  in  terms  of  f/,  they  lie  nearly  on 
straight  lines,  as  do  the  above  values  of  />,  for  v/V ^0.064.     The  large 


Fig.  2^c. 


both  chainbera.     Tabk  n 


variation  between  v/V  =  o  and  0.064  as  compared  with  the  smalt  one 
for  11/1^  =  0.064  and  i.o  is  noteworthy.  Hence,  in  using  small  vacuum 
chambers,  the  observed  and  computed  p,  and  pt  lie  more  closely  together, 
but  other  disadvantages  supervene.     The  rate  of  variation 


d(v/V) 


-i'.(f /?')<*-'>/*  7 


-  (j>/pO(*^>/* 


-  (/>//) <'^)/*.w/V} 
is  always  negative  and  proportional  to  f,  and  {p/p')^^)/K 
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Fig,  29. — Conectiona(ft"^Jfora/)-^— p,.    Table  so. 

Fio.  30. — Isothermal  pressure  ^,  In  the  isolated  fog  chamber  tor  dMeient  isothermal 

prcssnres  p%  of  the  commtmicating  fog  chambers  and  for  different  volume  ratios 

{5/V).    TaWe  19. 

48.  Case  of  saturated  air  in  Irath  citamlmv. — Here  all  the  pressures 
of  both  chambers  must  be  reduced  by  the  correspondii^  pressure  of 
saturated  vapor,  except  />',  where  the  vapor  is  slightly  superheated. 
Omitting  this  the  equations  become 


■iPx- 


r.)c/*. 


10 (^.-)r)-  (f -w)  tM/*  (p,  _„,)<:/* 

or  the  equations  again  take  the  original  form,  though  a  special  computa- 
tion is  needed,  since  a  different  initial  pressure  (^)  enters.  These  results 
are  given  in  table  30  and  in  fig.  29. 

TablB  30. — Concsponding  to  tabk  18  when  both  fog  diamber  uid  vactnun  diamber  are 
saturated.     »/V-o.o64;  tempeiHture  ao";  ^-76cm.;  «-i.7 


ip- 

Observed. 

Computed. 

P-Pr 

P-P.. 

P'. 

ft- 

*P',- 

ft*.- 

tft. 

P', 

T.. 

Tr 

30  5 
»3S 
16.3 

33-7 
18.3 
13.7 

43  5 
51-5 
59-5 

45-5 
52.5 
59-7 

47-9 

43-5 
50.3 
57-3 

5».4 
57-8 
63.3 

45- « 

53.1 

59-5 

-33-5 

-11.3 

-   '-4 

*  Ohmmi  ai  hno  ■■  pcadtila  M  tba  fas  chunlMr. 

t(.'.-»)+i<».--)-{.+f)(»— ) 


6o 
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P-Pt*  P-P2- 

o  o 

16.3  12.7 

23.5  »8«2 

30.5  23.7 


Ratio. 

18.2 
235 

II.O 

14.2 


p^pM*  Cofractiofi.  Rjktio* 


-  0.7745 


-  0.7782 


Mean 
0.776 


0 

0 

16.3 

3.6 

23.5 

5.3 

30-5 

6.8 

•  5.3 
23.5 


3»g 
14.2 


-  0.236 


-  0.225 


Mean 
0.225 


In  view  of  the  low  temperature  (ti)  the  vapor  presstire  (jtj)  may  be 
neglected  for  the  fog  chamber;  but  this  would  not  be  the  case  of  the 
vacuum  chamber,  where  n\  is  quite  appreciable.  As  the  result  of  this, 
the  march  of  pressures  in  the  vacuum  chamber  is  peculiar,  but  need 
not  be  considered  here,  where  />,  p\  />,,  and  p^  are  chiefly  in  question. 
The  difference  between  8po  ='  p-pt  as  observed  and  8p^^p-p2  as 
computed  now  actually  vanishes  with  the  former  (see  fig.  29).  In 
other  words,  very  nearly 


=  0.775,  or 

p-p9  P    -P9 


0.225 


and  therefore  SpQ-dp^  =0.225  ^Poi  nearly.  Hence  this  is  a  correction 
to  be  taken  by  preference.  A  table  giving  0.225  8po  for  the  usual  ranges 
of  observation  was  therefore  drawn  up  and  used  throughout  the  follow- 
ing work,  or  the  factor  0.775  may  be  used  at  once.  These  corrections 
are  quite  sufficient  to  indicate  that  the  efficiency  of  the  fog  chamber  as 
used  above  is  not  surpassed  by  any  apparatus. 

The  preceding  correction,  in  comparison  with  the  cases  of  sections  46 
and  47,  seemed  to  me  to  be  most  nearly  in  keeping  with  the  actual  state 
of  the  case.  The  more  nearly  rigorous  solution,  when  the  air  in  both 
chambers  is  continually  saturated,  leads  to  transcendental  equations  for 
the  adiabatic  pressures  (pi=p\)f  which  can  only  be  obtained  approxi- 
mately. If  the  vapor  pressures  (tti  and  7:\)  correspond  to  pi  and  p\, 
the  results  would  be 


(p^-7z\Y/^  = 


(Pn-7:)(i-\-v/V) 


{p,-n,Y/k  = 


{p.-n){i^vlV) 


where  approximate  values  must  be  entered  for  tt'i^^Tj,  />i,  in  the  denom- 
inator on  the  right  side  of  the  equation. 


EQUATIONS    OP    FOG   CHAMBBR. 


6l 


Similarly 


■M-((p- 


P\  ~  n^{p\  -  n\Y/Hp'  -  7:)(*-^)/*, 
7r)/(Pt-7r,)yk'c)/k^    T/T/^(ip'  -  n)/{p/ 


-o)(* 


-c)/* 


Making  use  of  the  values  of  table  i8,  the  data  of  table  216  were  com- 
puted on  a  single  approximation. 

Table  216.— Corresponding  to  table  18,  when  both  fog  chamber  and  vacuum  chamber 
are  saturated.    v/V  -0.064 ;  temperature  20**;  ir  - 1 .7 ;  ^  -  76  cm. 


♦it. 

*<. 

obs. 

obs. 

K 

Pi' 

P'.' 

<i. 

^. 

0.0 

2.3 

43-5 

45.5 

46.1 

54-7 

44-9 

-I7.8*» 

+  24.X** 

.2 

1.9 

51.5 

52.5 

52.5 

59.6 

52.0 

-   8.3 

21.3 

.5 

1.7 

59.5 

59.7 

59.3 

64.6 

59.4 

+      .8 

19.8 

^Assumed  from  data  for  (1,(^1.  in  table  18. 


P-Pv 

p'p^' 

0.0 

0.0 

X6.3 

11.4 

23.5 

16.4 

30.5 

21.3 

{P'P2)/{P-'PZ)' 


16.4 

23.5 

9.9 

14.2 


0.70 
.69 


^^ 

^^ 

wmm 

mam 

^^ 

w. 

'^^• 

<!• 

Px/Px' 

P2' 

0.7 

2.2 

+      5.2 

0.910 

49.9 

.9 

1.9 

+     9.4 

.929 

55.5 

I.I 

1.7 

+  12.7 

.952 

61.5 

The  corrections  (see  table  216,  and  upper  graphs  in  fig.  30)  again 
lie  on  a  curve  which  passes  through  zero,  but  with  a  larger  slope.  In 
fact,  they  are  so  much  larger  than  the  preceding  cases  and  throw  the 
whole  phenomenon  into  so  low  a  region  of  pressures  that  it  has  seemed 
best  to  abide  by  the  data  at  the  beginning  of  this  paragraph,  at  least 
for  the  present.     Details  are  given  in  table  216. 

A  few  incidental  results  deserve  brief  attention.  The  first  of  these 
is  the  nearly  constant  difference  of  about  8p2  =  2  cm.  between  the  ob- 
served value  of  p2  (nominal)  and  pj.     Since  for  dry  air  or  not 

{p\  -  n)  +V/V.  (p,  -  ;r)  =  (p,  -  ^)(i  +V/V) 

is  constant  for  a  given  exhaustion, 

dp\=  -v/V.  8p2. 
Hence  if  5/>j  =  2  cm. 

8p\=»o.o64X2^o.i$  cm. 
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The  case  is  illustrated  graphically  for  f^^AS  co^*  u^  the  notched 
curves  of  fig.  37c:  in  a  way  easily  understood.  It  seems  probable  that 
whereas  the  smaller  fog  chamber  has  more  than  returned  to  isothermal 
conditions  {p^,  the  large  vacuum  chamber  is  about  a  millimeter  short 
of  it  when  the  cock  is  again  closed.  The  constancy  of  this  difference 
is  in  all  probability  referable  to  the  systematic  method  of  investigation, 
though  the  effect  of  precipitated  moisture  has  not  yet  been  considered. 

Anomalous  relations  in  the  data  for  the  fog  chamber  (as  in  the  case 
of  p'  =  59.5  cm.)  are  direct  errors  of  observation.  On  the  other  hand, 
however,  since  within  the  ranges  of  observation  and  very  nearly 

pi^a^+bgp^ 
(P'-P2)/(P-P^)-(A,+B,p^)/(A^+B^P^)^A+Bp^  (nearly), 

where  a,  6,  i4 ,  B,  etc.,  are  constant.    Frequently  B  is  negligible,  so  that 

(P- Pi)/ (P-Pi)^  A^const., 

in  which  case  the  graph  for  (pi-p^) / (p-p^)  '^ i-A  also  passes  through 
the  origin  as  in  the  two  cases  (fig.  30).  There  is  no  need  of  this  and  it  is 
at  best  an  approximation  which  facilitates  computing. 

Some  remarks  may  here  find  place  on  the  moisture  precipitated  in  the 
fog  chamber  per  cubic  centimeter,  and  on  the  absolute  temperature  Ti 
to  which  this  precipitation  heats  the  chamber  above  the  adiabatic 
temperature  Tj.  I  have  shown  above  that  the  combination  of  fog 
chamber  with  a  large  vacuum  chamber  and  a  sufficiently  wide  passage- 
way, though  affording  superior  practical  advantages,  and  little  if  any 
inferiority  in  efficiency  to  the  piston  apparatus  within  the  range  of 
measurable  coronas,  nevertheless  does  not  give  the  volume  expansion 
of  the  air  within  the  fog  chamber  either  under  adiabatic  or  under  iso- 
thermal conditions.  It  makes  no  difference  how  rapidly  the  stopcock 
is  manually  closed.  The  conditions  of  the  vacuum  chamber  are  always 
impressed  upon  the  fog  chamber.  The  adiabatic  and  isothermal  data 
may,  however,  be  computed  if  the  volume  ratio  of  the  fog  and  vacuum 
chambers  and  the  pressures  before  exhaustion  (when  the  chambers  are 
isothermally  separated)  and  after  exhaustion  (when  the  chambers  are 
isothermally  in  communication)  are  known;  and  these  computations  are 
simple  because  the  reductions  are  practically  linear. 

When  the  vacuimi  chamber  is  large,  moreover,  its  pressures  vary  but 
slightly,  and  therefore  the  pressure  observed  at  the  vacuum  chamber 
after  exhaustion,  when  the  two  chambers  are  in  communication,  is  very 
nearly  the  adiabatic  pressure  of  the  fog  chamber.    This  result  makes  it 
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easier  to  compute  the  water  precipitated  per  cubic  centimeter  (without 
stopping  to  compute  the  other  pressures)  with  a  degree  of  accuracy 
more  than  sufficient  when  the  other  measurements  depend  on  the  size  of 
coronas. 

To  prove  this,  let  d,  L,  and  n  refer  to  the  density,  latent  heat  of 
evaporization,  and  pressure  of  water  (or  other)  vapor;  let  p,  Jk,  c,  i, 
denote  the  density,  specific  heat  at  constant  pressure,  specific  heat  at 
constant  volume  and  temperature  of  the  air,  the  water  vapor  contained 
being  disregarded  apart  from  the  occurrence  of  condensation.  Let  the 
variables,  if  primed,  refer  to  the  vacuum  chamber,  otherwise  to  the  fog 
chamber.  When  used  without  subscripts,  let  them  refer  to  isothermal 
conditions  or  to  room  temperature.  Let  the  subscript  i  refer  to  the 
adiabatic  conditions  on  exhaustion;  the  subscript  3  to  isothermal  con- 
ditions, if  the  chambers  could  be  isolated  immediately  after  exhaustion 
and  allowed  to  heat  and  cool  from  the  adiabatic  state  independently. 
This  case  is  in  fact  realized  in  the  piston  apparatus.  Let  the  subscript  at 
finally,  refer  to  the  isothermal  conditions  which  prevail  if  the  cham- 
bers are  put  in  communication  at  a  room  temperature  after  exhaustion. 
Then  the  usual  equations  for  heat  evolved  in  the  condensation  of  vapor 
lead  easily  to 

d-[(iJ-P,C(7-0/L  (I) 

where  d  is  the  density  of  saturated  vapor  at  t,  where  t  is  the  tempera- 
ture to  which  the  wet  air  is  heated  from  its  adiabatic  temperature  /|, 
in  consequence  of  the  condensation  of  water  vapor,  where  [dj  is  the 
density  of  water  vapor  if  cooled  as  a  gas,  1.  e.,  without  condensation, 
from  /  to  /|.     Moreover 

[dj-d-m  (2) 

the  mass  of  water  precipitated  per  cubic  centimeter  by  condensation  or 
the  quantities  sought. 

If  Boyle's  law  is  assumed  to  hold  both  for  the  gaseous  water  vapor 
[dj,  and  for  the  wet  air,  it  is  convenient  to  reduce  equation  (i)  to  room 
temperature  (isothermal  state)  and  it  becomes 

d'd^T^  pz'j^rt-t.)        (3) 

If  the  vapor  density  of  saturated  water  vapor  is  known  at  a  temperature 
as  low  as  t, 

d^f  (0  (4) 

so  that  /,  the  only  tmknown  quantity  in  equation  (3),  since  the  equation 
of  adiabatic  expansion  determines  /|,  is  found  from  the  intersection  of 
the  curves  (3)  and  (4).    This  is  the  method  of  Wilson  and  of  Thomson. 
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In  the  piston  apparatus  p^  as  well  as  p  may  be  read  off  by  the  gages; 
but,  as  stated  above,  this  is  not  true  when  the  fog  chamber  communicates 
directly  with  the  vacuum  chamber.  In  this  case,  however,  p^  is  nearly 
given  by  p,.  Consequently  it  is  expedient  to  reduce  equation  (i)  to 
the  adiabatic  conditions,  whence  (if  r  refers  to  absolute  temperature), 

d^d  (^y/*-e^fc^7/*(7-*.)        (s) 

r.=.r  C^)^*-^>/*  (6) 


m 


-¥<^^TV-'.)  (7) 


Here  n^,  the  vapor  pressure  at  /|,  is  usually  negligible  (about  0.5)  as  com- 
pared with  />|,  and  p^  may,  in  practice,  where  great  accuracy  is  not 
demanded,  be  replaced  by  />,»  which,  like  p,  is  read  off  while  n  holds 
at  /,  which  is  also  read  off. 

In  illustration  I  will  give  a  numerical  example  taken  from  table  216 
where 

p  -76cm.  ^s- 45.5 cm.  <i  -— ly.S^C. 

w-i.ycm.  /»,-46.icni.  7-5.25**C. 

P  -0.001x8  /»,-54.7cm.  f.-24.i°C. 

Z^' -43.5  cm. 

If  equation  (3)  is  taken 

w=«5.36Xio~'  grams  per  cubic  centimeter 
If  equation  (5)  is  taken 

^  =  S-3SXio-« 
If  equation  (5)  is  taken  and  p^  replaced  by  />, 

^^S-aoXio-' 

the  error  being  i  per  cent  of  the  true  value,  which  is  quite  near  enough 
in  practice  and  admits  of  easy  correction. 

Finally  one  may  compute  ^„  the  pressure  which  would  be  observed 
at  the  fog  chamber  instead  of  p^  if  allowance  is  made  for  the  water  pre- 
cipitated in  the  fog  chamber,  whereby  additional  air  escapes  into  the 
vacuum  chamber,  since  the  former  is  heated  from  T,to  rj.  The  chambers 
are  supposed  to  be  separated  (cock  closed)  immediately  after  conden- 
sation and  no  further  loss  of  air  is  to  take  place  from  fog  chamber  to 
vacuum  chamber  while  the  absolute  temperature  of  the  fog  chamber 
passes  from  fj  to  atmospheric  t.  Without  giving  the  full  discussion  for 
which  there  is  no  room,  I  will  merely  add  that 

/'a'-^=^(Pi— ^) 
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where  7i  is  the  density  of  the  air  at  rj.    The  ratio  is  equal  to 

7,  _  (<-^)--  ('^1-^1)  + (Pt  -ir,)  (I  -v/V'T'i/Tt) 

if  the  vapor  pressures  n  are  designated  like  the  temperatures  and  pres- 
jnires  with  which  they  are  associated.     Usually 

^^     Ti/T.+VV'-r'./r, 

suffices,  the  term  involving  the  vapor  pressures  {n)  being  a  correction  of 
about  I  per  cent.  The  computation,  to  which  I  shall  return  elsewhere, 
shows  that  7s>  computed,  is  always  above  J^  observed,  so  that  the  fog 
chamber  begins  to  heat  itself  above  the  temperature  tI  before  the  cock 
can  be  closed  again  and  contains  less  than  its  normal  allotment  of  air. 
Thus,  in  the  example  given,  p^/Pi=o.9i;  ?f=47.9,  observed;  and  ^,= 
49.9,  computed.  Hence  p  and  p,  alone  have  any  definite  meaning  for 
the  fog  chamber. 

49.  Observations  with  4-iiich  exiiaust  pipes. — ^The  observations  of 
this  paragraph,  apart  from  the  exhaustion  diffictilties  already  discussed, 
were  made  peculiarly  difficult  by  the  tmavoidable  leak  from  fog  chamber 
to  vacuum  chamber  through  the  large  exhaust  cock.  It  was  therefore 
essential  to  wait  many  hours  for  each  observation,  since  the  coronas 
corresponding  to  the  second,  third,  etc.,  of  successive  exhaustions  were 
smaller  than  the  first.  This  can  not  be  due  to  any  other  cause  than  the 
presence  of  water  nuclei  from  the  fog  of  the  first  exhaustion.  A  given 
corona,  moreover,  was  apt  to  decrease  in  aperture  as  much  as  one-half 
during  the  period  of  subsidence,  showing  growth  of  certain  particles  at 
the  expense  of  others,  the  latter  being  afterwards  detected  in  the 
water  nuclei  specified.  This  must  also  be  attributed  to  the  continued 
slow  exhaustion  due  to  the  leak  in  question. 

In  table  21  and  fig.  31  the  earlier  data  with  4-inch  pipes  are  given, 
chiefly  with  the  object  of  direct  comparison  with  foregoing  results  with 
2 -inch  pipes.  The  meaning  of  the  data  is  clear  from  the  earlier  tables, 
and  the  dp  here  mentioned  is  the  isothermal  value  observed  at  the  fog 
chamber  as  heretofore. 

On  March  16  to  18  the  data  are  irregular  in  the  way  common  to 
observations  in  a  newly  adjusted  apparatus.  The  effective  nucleation 
is  too  small  from  the  presence  of  interior  sources  of  relatively  bulky 
nuclei.  A  fairly  complete  series  was  undertaken  on  March  19.  The  out- 
going and  incoming  branches  do  not  quite  coincide,  and  the  data,  as  a 
whole,  still  lie  below  the  corresponding  results  with  2-inch  exhaustion 
pipes.    This  is  indicated  in  fig.  31.    Of  later  observations  (March  22), 
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Fig.  31. — Nucleations  (n)  observed  in  dust-free  air  and  dust-free  X-air  at  differ- 
ent exhaustions  (9p);  4-inch  pipes.     Table  21. 
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Table  21. — Colloidal  nuclei  in  air.    New  apparatus.    Glass  fog  chamber.    Piping 
12  inches  long,  4  inches  in  diameter;  4-inch  plug  stopcock. 


I. 
Mar.  16 
Later . . 


II. 
Mar.  17 


Later. . 


III. 
Mar.  18 


IV. 
Mar.  19 


Incom- 
ing se- 
nes. 


Ob- 
served 
dp. 


254 

25.4 
29.0 

29.0 

20.4 
25- 1 

25- I 

29.1 
29.1 
29.x 

33-5 
33-5 
33.5 
38.0 

38.0 

42 

42 

33-5 

33.5 

33-5 

33.5 

•  •  •  • 

•  •  •   • 


33.5 

33-5 
33.5 
46.4 
42.2 
38.0 

33-4 

31.5 
30.0 

28.2 

27.2 

26.5 

24.x 

22.6 

20.6 

19. X 

175 


s. 


3 

2 

'3 
3 
4 


8 
o 
8 

5 

2 

o 

3 

2 

X 

7 

2 

3 


3 
4 
5 
3 

4 

II 

IX 

•7.2 
II 

ID 
II 
12.0 

4-2 

'9.5 

II. 5 
8.8 

9.8 

>4.6 

>ii.8 

'13 

7.0 
12.0 

^13 
13 
13 


Cor. 


II 

4.7 
3.6 

3.4 

3 

3 

3 
2 

I 


4 
4 
3 
9 
9 


wjr' 
wy 
wy 
wBP 
wy' 
wo 
wy 

cor 
wo 

gyo 

w  pcor 

wo 

cor 
jr'obg 

Stone- 
blue 
wy 

gyo 

gBP 

b'B 

gBP 

«yo 

togB 
gBP 
wog 

cor 

cor 

cor 

cor 

cor 

cor 

cor 

cor 


nxio 


-1 


20 

3 
20 

»i6 
27 


12 

25 

51 
20 

28 

140 

315 
315 
165 
330 
350 
350 

425 
30 

315 

425 
190 

315 

41 

390 


540 
510 
500 

*425 

460 

300 
40 

18 

14 

13 
12 

ID 

7 

2 


Incom- 
ing se- 
ries. 
Later . . . 

Outgo- 
ing 
series 
after 
several 
hours' 
rest. 


Ob- 

served 

s. 

Cor. 

^A. 

16.5 

•  •  •  • 

Rain 

15.1 

•  •  •  • 

Rain 

16.5 

•  •  •  • 

Just 
seen 

17.8 

0 

No 
corona 

19. 1 

0 

No 
corona 

21. 1 

2.2 

cor 

23.1 

3.6 

cor 

25.0 

3.1 

cor 

26.5 

3.7 

cor 

28.2 

7.1 

wyg 

30.3 

9.7 

wog' 

32.1 

II 

wybg 

32.8 

12 

gBP 

»XlO 


-I 


Promiscuous  results. 


V. 
Mar.  20 
Later. . 


VII. 
Mar.  22 


Later. . 

X. 

X-rays; 
D-20 
cm. 


•29.8 

•   •   •   • 

gBP 

30.0 

•  •  •   • 

yobg 

30.3 

•  •  •   • 

gBP 

28.0 

•   •  •  • 

gyo 

273 

II 

wr'g 

26.2 

•  •  •  • 

wpcor 

28.6 

•6.9 

gBP 

26.3 

4.5 

cor 

27.4 

5-5 

cor 

29.9 

ID 

yobg 

33.9 

II 

gBP 

33.8 

II 

gBP 

32.7 

•    •    •    • 

gyo 

33-6 

II 

gBP 

30.6 

II 

gBP 

27.9 

II 

gBP 

25.3 

II 

gBP 

21.7 

5 

cor 

21.6 

5.0 

cor 

22.5 

10.5 

wrg' 

23.5 

•  •  •  • 

gyo 

22.8 

5.0 

cor 

22.6 

10 

wyg 

21.5 

3.6 

cor 

21.6 

3.7 

cor 

I 
I 


3 
16 

9 

19 
120 

270 

390 

470 


450 
370 
450 
390 
250 

165 

120 

33 
62 

330 

475 

475 
420 

470 

455 
430 
400 

39 

39 
210 

340 
40 

310 
16 

17 


*  t««  3.8  x)enistently  except  on  fint  exluitistioii. 

*  Many  periods  folloir. 

'Blurred;  other  oonmai  very  dear,  often  multi- 
annular. 


*  Periods  usually  omitted. 
*Po8  chamber  greasy. 
*PoUofred  in  next  exhaustion  by 
'Apparatus  deaned  again. 
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Fio.  31. — NuctefttkMS  («)  observed  hi  dust-free  air  and  dust-free  X-alr 
at  different  exhaustions  (Sp);  4-inch  pipes.    Tabk  33. 
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Tablb  az 

-Syst 

ma 

ic 

work.    Third  cleaning  o(  apparatu. 

.     Isothermal  »P-p-p,; 

^-76  cm. 

*/•- 

.. 

Cor. 

n  xio-». 

H>. 

,. 

Cof. 

n  X  io-«. 

I. 

VII. 

Mar.  36 

.4.8 

3  4 

cot 

"3 

Mar,  30 

30.5 

11-5 

yobg 

330 

a4.8 

3 

8 

30-5 

10.7 

wog 

300 

24.8 

3 

9 

38.8 

65 

36.6 

3 

39.6 

10.5 

M 

35 

38-7 

4 

Z3 

33  0 

13 

470 

30.4 

4 

43 

Later.  . . 

33.2 

gBP 

460 

3>-2 

5 

wb'r 

56 

VIII. 

31  I 

8 

wp 

3'3 

Mar.  3, 

30.8 

"5 

gBP 

460 

II. 
Later... 

33.4 

'3 

&y° 

435 

30.8 
39,6 

13.5 
It. 5 

ry°^ 

410 
355 

33-4 

9.5 

WpCOT 

340 

37.7 

5. J 

wr 

50 

33.4 

"■5 

wybg 

390 

IX- 

33-4 

t-5 

wbr 

350 

Apr.     I 

31.1 

13 

gBP 

460 

30-4 

8.7 

wpcor 

31-3 

13 

gyo 

a8,8 

S-o 

46 

Later. . . 

30.6 

gyo 

410 

16.8 

3.5 

cor 

15 

X. 

Apr.     3 

30.1 

" 

»ybg 

375 

33^0 

l.t 

Faint 

a 

30.7 

la 

gyobg 

410 

30.6 

wbr  b 

380 

III. 

30.5 

7.8 

180 

X-raya 

ai.5 

3-8 

18 

XI. 

33-7 

Vague 

345 

Apr.    3 

39.4 

7.7 

wPB 

147 

D-zo 

3a. 6 

4.4 

gyi 

i7 

XII. 

39s 

5-8 

cor 

74 

}% 

Apr.    4 

39.7 

It 

yobg 

300 

aa.5 

6.7 

134 

39.6 

:?i 

300 

13.6 

8.7 

'75 

38.8 

8.8 

35-3 

gFog 

400 

39,0 

'8.3 

wp? 

t75 

IV. 

38. D 

6.0 

80 

Mar  17. 

'30  5 

gyo 

410 

XIII. 

ad  day. 

3-.6 

yobg 

380 

Apr.    6 

339 

■'3 

gBP 

470 

39.1 

wog 

■45 

36.3 

3-9 

V. 

36.9 

39 

Uler... 

31.0 

syo 

410 

37.6 

5-3 

53 

30.4 

4.8 

45 

38.8 

8.9 

wP 

315 

39.4 

7.4 

wp 

'45 

37.6 

7-3 

wy 

38.7 

5-8 

71 

XIV. 

38.0 

50 

cor 

46 

Apt.    7 

375 

7-4 

wrg 

IIO 

37-1 

3.3 

S7-5 

38.0 

4.3 

17 

37.5 

5-3 

cor 

53 

38.8 

6.0 

wy 

80 

XV. 

37.6 

5.1 

cor 

49 

30.0 

7.3 

wBP 

150 

Apr.    8 

37.3 

'3.7 

cor 

7 

30.6 

8.1 

wPcor 

.80 

37.0 

3.5 

'5 

31-4 

7-0 

wy 

130 

36. 9 

'3-5 

'5 

33.0 

gy 

41.5 

'5-5 

3-0 

15 

33.8 

gBP 

475 

Series 

VI. 

Apr.    a 

Mar.  as. 

34  0 

13 

rbp 

470 

(55) 

353 

•■3 

t.5 

3d  day. 

330 

'3 

gyobg 

4'5 

(56) 

37,1 

3-6 

6.4 

30.5 

:^?f 

380 

(57) 

38.9 

5-9 

wrg 

78 

29.8 

8-0 

180 

57') 

8.4 

wPcor 

a8-8 

6.5 

wrg 

(59) 

33.5 

13.5 

wyg 

390 

38 .0 

4.1 

34 

XVI. 

37.0 

14 

Apr.  10 

Later,. . 

30.5 

10^6 

yog- 

330 

(S8) 

33.0 

»3 

gBP 

460 

38.7 

6.3 

88 

308 

"3 

gyo 

4S5 

27.1 

3-4 

■4 

XVII. 

25-6 

3-4 

'4 

Apr.  13 

30.0 

10. 5 

Tg 

355 

VII. 

30.6 

9-5 

wrg 

340 

Mar.  39. 

303 

yobg 

330 

Apr.  14 

30,7 

13.5 

ygbg 

380 

4tbday 

30-6 

yobg 

330 

30.6 

11-5 

wog 

300 

30.6 

9.4 

wcg 

330 

Apr.  15 

30.9 

t3- 

gytog 

ASS      \ 
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while  there  is  evidence  of  slight  improvement,  irregularities  are  at  times 
increased.  The  final  data  in  the  table  relate  to  the  effects  of  X-rays  from 
short  distances  {D  »  20  cm.  to  anticathode),  and  the  peculiar  feature  here 
is  the  steepness  of  the  line  as  compared  with  earlier  results.  The  reason 
is  in  part  due  to  the  admission  here  of  dp'^p-p^  instead  of  the  observed 
dp  as  heretofore,  the  effect  being  to  displace  upper  observations  rela- 
tively more  to  the  left.  It  is  already  quite  clear,  however,  that  neither 
for  X-air  nor  for  ordinary  air  have  the  earlier  data  been  much  improved. 
The  highest  corona  attained  in  both  cases  is  again  the  green-blue-purple 
type. 

Table  23. — Atmospheric  air.  Two  observations  daily.  Water  nudd  removed  by  low 
exhaustion,  dp^p-  p^.  Aug.  diameter  j/30  nearly.  Fog  chamber  40  cm.  from  eye, 
250  cm.  from  light. 


Date. 

Observed. 

Computed. 

dp. 

s. 

Cor. 

n  Xia 

-•.      /»-ft. 

nx  lor-*. 

May    17 

30.6 

•    ■   •    • 

gBP 

450 

23-7 

385 

30.8 

12 

gBP 

450 

239 

385 

May    19 

29.0 

II 

wyog 

320 

22.5 

270 

May    20 

28.8 

II 

wr  og 

290 

22.3 

245 

May    19 

27.2 

4-2 

cor 

27 

21. 1 

22 

May    21 

274 

3.6 

cor 

18 

21.3 

15 

May    22 

27.1 

2.9 

cor 

8 

21.0 

7 

Mar.  24; 

33.6 

.... 

gBP 

26.0 

410 

X-rays 

30.6 

•      •      •      • 

gBP 

237 

385 

from  D 

279 

•      •     •      • 

gBP 

21.6 

360 

-20. 

25.3 

•     •    •    • 

gBP 

19.6 

335 

21.7 

5 

cor 

16.8 

32 

21.6 

5.0 

cor 

16.7 

32 

22.5 

10.5 

wrg' 

17-4 

175 

235 

■    •    •    ■ 

gyo 

18.2 

290 

22.8 

50 

cor 

17.7 

34 

22.6 

10. 0 

wyg 

17.5 

260 

21.5 

3-6 

cor 

16.6 

13 

21.6 

3-7 

cor 

16.7 

14 

Mar.    26 

21.5 

3-8 

cor 

16.6 

15 

237 

II 

gyo 

18.3 

290 

22.5 

6.7 

gBP 

17-4 

105 

22.6 

8.7 

wp  cor 

17.5 

145 

25.5 

•      •       »      • 

gfog 

19.8 

335 

50.  Observations,  continued. — In  the  experiments  of  table  22  much 
difficulty  was  experienced  with  the  apparatus,  as  the  use  of  oil  with  the 
large  stopcock  was  often  liable  to  show  itself  in  the  blurred  walls  of  the 
fog  chamber  whenever  this  was  wetted  with  water.  It  is  usually  suffi- 
cient to  heat  these  walls  gently,  in  order  to  evaporate  the  suspicion  of 
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an  oil  film  which  has  here  collected,  after  which  the  walls  remain  clear  for 
some  time  on  wetting.  Prior  to  the  systematic  investigation  of  table 
23, however, the  apparatus  was  thoroughly  overhauled  and  cleaned.  The 
dp  referred  to  is  henceforth  to  be  p-pi,  i.e.,  the  difference  between 
atmospheric  pressure  and  the  pressure  (/>,)  observed  when  fog  chamber 
and  vacuum  chamber  are  in  communication  at  the  given  temperature. 
Some  time  having  elapsed  since  the  last  observation,  the  first  experi- 
ments (parts  I,  II,  etc.)  of  the  tables  show  low  nucleation,  due  to  the 
presence  of  large  nuclei  originating  internally,  as  already  specified. 
Series  III,  with  X-rays,  agrees  very  fully  with  the  preceding  cases 
(table  22)  and  there  is  nearly  the  same  steepness  of  curve  (Sp^p-p^) 
already  instanced.  Conformably  with  this,  series  IV,  V,  etc.,  also  show 
increased  steepness  of  curve,  the  nucleation,  moreover,  being  higher 
because  the  interior  sources  of  relatively  large  nuclei  have  been  gradually 
removed.  But  there  is  throughout  much  irregularity,  and  periods  are 
frequent.  Remembering  that  above  the  dp  referred  to  is  the  drop  of 
presstire  observed  in  the  fog  chamber,  while  at  present  Sp=^p'-p^,  a  slight 
advance  of  the  highest  nucleations  over  the  preceding  cases  is  discernible. 

51.  OhservationSy  continued. — In  table  24  observations  are  recorded, 
made  once  or  twice  a  day,  far  enough  apart  to  allow  water  nuclei  to 
vanish  by  time  loss.  After  each  measured  corona  a  low  exhaustion  was 
(as  usual)  made  to  remove  the  greater  number  of  such  nuclei  at  once  in 
the  large  particles  of  the  small  corona  produced.  The  pressure  difference 
(dp)  is  again  p-p^,  as  explained  in  section  48,  so  that  the  correction 
there  adduced  may  be  applied.  The  fog  chamber  was  rigorously  tight  as 
regards  the  influx  of  external  air,  but  air  flowed  slowly  from  fog  cham- 
ber into  the  vacuum  chamber,  through  the  leaky  stopcock.  Between 
the  exhaustions  the  air  was  kept  at  low  pressure  for  about  ten  hours,  and 
new  air  was  admitted,  just  before  exhaustion,  through  the  filter  into  the 
fog  chamber,  until  the  barometer  pressure  had  been  reached.  As  the 
whole  apparatus  had  been  left  standing  a  long  time,  dust-free  air  only 
was  present  in  the  fog  chamber  and  vacuum  chamber.  The  walls  of  the 
former -were  rubbed  clean  before  beginning  the  work. 

The  table  also  contains  the  above  data  for  air  energized  by  the  X-rays 
with  anticathode  distant  20  cm.,  observations  being  made  while  the 
radiation  acted  and  immediately  after  the  exposure  began,  to  avoid  the 
presence  of  persistent  nuclei.  The  computed  values  for  the  drop  in 
pressure  {p  -  p2,  where  p^  is  the  computed  isothermal  pressure  in  the 
isolated  fog  chamber  alone),  and  the  corresponding  values  of  n,  are  also 
given.  The  nucleation  refers  as  usual  to  the  exhausted  fog  chamber.  The 
results  are  constructed  graphically  in  fig.  33. 


72 


VAPOR   NUCLEI   AND   IONS. 


nG.3a 

400 

9^ 

9^ 

f 

900 

/ 

/ 

/ 

/ 

/' 

roo 

1 

1 

1 

too 

H 

1 

f 
I 

7tXt09     * 

> 

lo 

IS 


to 


is 


Fig.  33. — Nucleations  (n)  observed  in  dust-free  air  and  dust-free  X-air  at 
di£Ferent  exhaustions  (dp);  4-inch  pipes.     Table  23. 
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52.  Discussion. — ^The  new  ctirves  (fig.  33)  lie  nearer  together  for  the 
energized  and  non-energized  states  of  the  gas.  This  obviously  restilts 
from  the  correction  applied  to  the  observed  values  of  dp.  Neither  do 
the  graphs  ascend  as  highly  as  they  did  before,  for  the  same  reason, 
remembering  that  the  nucleation  (n)  always  refers  to  the  exhausted  fog 
chamber.  Again,  the  new  ctirves  must  be  steeper  than  the  old ;  but  both 
of  them,  i.  e.,  the  curves  for  the  non-energized  and  for  the  energized 
gas,  have  about  the  same  slope,  so  far  as  can  be  made  out  for  the  case 
of  such  steep  ctirves  as  those  tmder  consideration.  Nevertheless,  it  is 
probable  that  there  is  some  other  reason  implied  in  this,  which  is  yet 
to  be  made  out.  For  the  ionized  state  the  observations  frequently 
suggest  a  kind  of  saturation  beyond  which  the  ions  pass  into  per- 
sistent nuclei  very  much  as  a  vapor  condenses.  In  other  words,  a 
maximum  ionization  pressure,  determined  by  a  definite  number  of  ions 
per  cubic  centimeter,  which  can  be  approached  as  the  radiation  is 
more  and  more  intense,  but  not  exceeded,  is  a  useful  conception  in  con- 
nection with  many  of  the  experiments  given. 

53.  Summary. — ^The  general  stunmary  of  this  chapter  has  already  been 
given  in  sections  42,  43,  and  53,  particularly  in  the  former,  with  regard  to 
fig.  25,  and  need  not,  therefore,  be  repeated  here.  The  highest  order  of 
available  coronas  has  been  invaded  and  surpassed. 

It  appears  that  the  limits  of  efficiency  of  the  practical  fog  chamber 
with  rapidly  opened  plug  cock  have  been  reached  when  the  long  cylin- 
drical vessel  of  about  6,000  c.  cm.  is  exhausted  into  a  vacuum  chamber  of 
about  100,000  c.  cm.  through  a  pipe  not  less  than  5  cm.  in  bore  nor  more 
than  50  cm.  long,  with  a  stopcock  of  wider  diameter  (7  to  8  cm.)  inter- 
posed. To  test  this  again,  such  a  fog  chamber  was  adjusted  as  shown  in 
fig-  34  (y  vacuum  chamber;  F  fog  chamber;  G,  g,  gages  at  the  former 
and  the  latter,  the  whole  mounted  on  casters  to  admit  of  shaking  the 
water  in  F;  goniometer  attached  to  fog  chamber) .  The  results  are  given, 
both  for  fog  chambers  Nos.  I  and  II,  in  tables  34  and  25,  with  correc- 
tions for  the  barometer  as  explained  in  Chapter  VI,  sections  100  and  loi, 
and  they  are  charted  on  a  small  scale  with  other  data  (table  33)  in 

fig-  35- 
The  graph  for  chamber  number  II  would  coincide  with  data  inferred 

from  Wilson's  colors  for  small  coronas;  but  for  large  coronas  it  actually 
lies  in  a  region  of  lower  exhaustion — ^to  which  however,  too  much 
importance  must  not  be  attached,  because  of  the  difficulty  of  identifi- 
cation. The  point  is  that  the  apparatus  of  2-inch  pipes  is  quite  the  equal, 
if  not  the  superior,  of  the  apparatus  with  4-inch  pipes,  in  the  region  of 
both  the  lower  and  higher  coronas.    Curiously  enough,  the  apparatus  I 
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(4-inch  cock)  gives  an  excess  of  ions,  whereby  the  graphs  for  I  and  II  in 
the  region  of  lower  coronas  are  consistently  distinct  I  will  pass  this  over 
here,  as  it  needs  additional  investigation 

That  the  limit  of  efficiency  has  been  reached  for  plug  cock  apparatus 
is  specifically  proved  by  the  fact  that  the  same  large  green-blue-purple 


Pio.  34. — Disposition  of  apparatus  in  case  <rf  fog  cbamber  (F)  and  vacuum 
chamber  ( V ),  comiected  by  a-inch  pipes  and  aj-ui'^b  stopcodc. 

corona  terminates  the  observations,  no  matter  whether  the  nuclei  are 
relatively  large,  as  in  case  of  the  ions  and  intense  X-radiation, or  relatively 
small,  as  in  case  of  the  colloidal  nuclei.  This  is  differently  proved  in  the 
work  with  alcohol,  in  Chapter  IV. 

It  is  somewhat  hard  to  understand  why  the  efficiency  should  terminate 
abruptly,  with  a  certain  number  of  nuclei  per  cubic  centimeter,  no  matter 
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whether  large  or  small  nuclei  are  in  question.  One  shotild  expect  these 
conditions  to  depend  on  the  size  of  nuclei;  but  (as  the  data  show)  even 
though  larger  numbers  of  nuclei  are  certainly  present,  they  are  devoid 
of  efficiency  beyond  the  limit. 


^G-  35. — Ntideation  (»,  in  hundred  thousands  of  nuclei  per  c.  cm.)  observed  in  dust- 
free  air  and  in  energized  air  at  di£Ferent  exhaustions,  dp^p-p^  2-indi  and  4-incfa 
pipes  and  perfected  apparatus  I  and  II.  Tables  23,  24,  and  25.  Ions  in  No.  I  con- 
sistently in  excess. 

Tablb  24. — Fog  chamber  and  vacuum  chamber  as  in  fig.  34,  joined  by  2-inch  pipes, 
2}-inch  plug  stopcock.    dp»p-  p^.    Final  series  for  comparison. 


dp. 

s. 

Corona. 

P-Pr 

nxio-'. 

J  cor- 
rected.* 

nXiQ-* 
corrected. 

I.    Barometer 
76.2 

25.9 
26.9 

27-4 

3.2 

6.4 
6.8 

cor 
wp'g 
gBP 

20.x 
20.8 
21.2 

9.5 
76 
120 

3.4 
6.6 

II. 6 

83 

•   •  •   • 

28.7 

10.2 

wrg' 

22.2 

210 

■ 

II.  Barometer 

29.4 
30.5 
33.5 
24.9 

12 

13? 
13? 
1-7 

gS^P 

gBP 

cor 

22.8 
23.6 
26.0 

19.3 

310 
380 
410 
1.8 

1.3 

I 

*  • 

.4 

75.5 

25.6 
26.4 

3.6 
5.6 

cor 
cor 

19.8 
20.5 

15 

53 

3.2 
5.2 

9.9 
42 

Tabi«b  25. — The  same;  4-inch  stopcock,  apparatus  I. 


dp. 

5. 

Corona. 

P-Pv 

nx  io~*. 

1  cor- 
rected* 

»xio~* 
corrected. 

III.  Barometer 

25.5 

?3.7 

cor 

19-7 

15 

3.6 

/»-75.8, 

27.2 

4-9 

•   •  •   • 

21. 1 

37 

4.8 

July  14. 

25.0 

2.4 

•   •   •   • 

19.4 

4 

2.3 

28.1 

7.2 

y'bP 

21.8 

no 

•  •  •  • 

27.3 

5.3 

•  •  •  • 

21. 1 

45 

5.2 

IV.     /»-75.9. 

27.1 

4-2 

cor 

21.0 

22 

•  •  •  • 

June  3. 

25.9 

2.8 

•  •  •  • 

20.1 

6 

•  •  •  • 

26.1 

2.7 

•  •  •  • 

20.2 

6 

•  ■  •  • 

27.4 

5.0 

■  •  •  • 

21.3 

40 

•  •  •  • 

*Cofraciioo  for  barometer  made  m  ezpUined  in  Chapter  VI. 
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In  no  form  of  the  fog  chamber  have  the  initial  yellows  and  browns  of 
the  steam  jet  been  approached.  Coronas  reach  but  to  the  equivalent  of 
the  opaque  zone.  Below  the  large  green-blue-purple  corona,  the  com- 
puted value  of  the  water  precipitated  per  cubic  centimeter  may  now  be 
considered  trustworthy.  In  Chapter  I  this  was  true  below  the  middle 
green-blue-purple  corona.  The  drop  of  pressure  (p  -  />,)  actually  eflBcient 
in  producing  low  temperatures  in  the  fog  chamber  must  be  computed 
from  the  initial  pressure  of  the  isolated  fog  and  vacuum  chambers  before 
exhaustion,  and  their  final  pressure  when  in  communication  after  exhaus- 
tion, all  data  taken  at  the  same  temperature. 

As  the  intensity  of  radiation  increases,  coarser  nuclei  become  much 
more  frequent,  but  beyond  this  the  coronal  method  is  not  adapted  to  test 
the  lower  limit  in  question.  At  the  upper  limit,  however,  most  of  the 
observations  show  that  the  finer  nuclei  become  more  abundant  when  the 
medium  is  more  powerfully  energized;  or  that  new  gradations  of  nuclei 
of  continually  increasing  smallness  and  continually  increasing  number 
are  produced  by  radiation  increasing  in  strength  indefinitely.  These  are 
important  questions,  however,  upon  which  I  hope  in  the  near  future  to 
make  some  final  tests. 


CHAPTER  III. 

MISCELLANEOUS  EXPERIMENTS. 

54.  Objects. — Having  perfected  the  coronal  fog  chamber  to  the  degree 
specified  in  the  earlier  sections  of  Chapter  II,  it  seemed  expedient  to  make 
use  of  it  for  a  variety  of  purposes  partly  corroborating  and  interpreting 
my  earlier  work,  partly  introducing  newrestdts.  In  particular,  the  growth 
of  persistent  nuclei  in  a  highly  ionized  meditmi  in  the  lapse  of  seconds, 
the  occurrence  of  solutional  nuclei,  and  like  questions  may  be  studied 
by  the  depression  of  the  terminal  asymptote  produced  by  the  introduction 
of  relatively  small  ntmibers  of  larger  nuclei  into  the  mediimi.  Again,  the 
effects  of  radiation  from  different  distances  on  the  medium  of  the  fog 
chamber,  the  absorption  of  such  radiations,  the  distributions  within  the 
fog  chamber,  etc.,  may  be  elucidated  by  this  treatment.  Finally,  some 
consideration  of  the  rates  of  generation  and  decay  of  ions  is  in  place  and 
a  method  will  be  shown  for  the  standardization  of  coronas.  Some  final 
remarks  will  be  made  on  the  steam  jet  and  on  the  relation  of  its  color 
phenomena  to  those  of  the  fog  chamber. 

Throughout  this  chapter  dp  refers  to  the  drop  of  pressure  observed  at 
the  isolated  fog  chamber  imder  isothermal  conditions,  the  exhaust  cock 
being  closed  as  soon  as  possible  after  the  expansion.  The  necessary 
reductions  (should  they  be  needed)  may  be  made  as  shown  in  the  pre- 
ceding section. 

55.  Orowth  of  persistent  nucleL — In  table  26  (illustrated  by  fig.  36) 
the  time  dtiring  which  the  fog  chamber  was  exposed  to  the  X-rays,  with 
the  anticathode  at  a  distance  of  D^^io  cm.  from  the  fog  chamber,  is 
given  in  the  first  column.  The  coronas  and  the  mmiber  (n)  of  nuclei 
per  cubic  centimeter  follow. 

The  two  series  of  experiments  made  show  that  there  is  a  gradual 
increase  of  the  number  of  persistent  nuclei,  evidenced  by  the  gradual 
reduction  of  the  number  of  efScient  nuclei.  In  less  than  two  minutes, 
however,  the  phenomenon  becomes  more  stationary,  indicating  that  the 
full  number  of  persistent  nuclei  is  being  approached,  or  that  there  are 
now  about  as  many  made  as  are  unmade  per  second.  It  is  difficult  to 
follow  the  phenomenon  beyond  this,  for  the  coronas  now  become  cam- 
panulate  or  otherwise  distorted,  appearing  in  association  with  heavy 
fogs.  The  true  asymptote  is  probably  far  off.  These  data  furnished 
good  illustrations  bearing  on  the  remarks  of  section  49,  Chapter  II. 
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Table  26. — Persistent  nuclei  produced  after  different  lapses  of  time.  Method,  depfcs- 
sion  of  asymptote,  dp <^ 26.4  cm.;  D^io  cm.  above  side  of  cylindrical  glass  fog 
chamber;  cock  1}  inches;  exhaustion  during  exposure. 


Exposure. 

J. 

Corona. 

«Xior». 

sec. 

0 

13 

gBP 

410 

30 

12 

wyg' 

340 

60 

II 

wog' 

270 

90 

7-5 

9} 

140 

120 

7.6 

<)^ 

140 

30 

13 

wyg' 

340 

60 

II 

>wrg 

230 

90 

9 

0 

200 

0 

14 

gBP 

410 

1  Tempestuous  fog  and  rain,  leaving  smaller  corona.    Second  exhaustion  made  for  safety,  showing 
small  corona. 


300 

too 

^J9 

^ 

^ 

no. 

36 

^ 

K 

rutW^ 

N 

\*^ 
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ho 
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1 

\ 

Bxposi 

re  (sec  J 

zo 


40 


60 


eo 


too 
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Fig.  36. — Depression  of  efficient  nucleation  (n)  of  dust-free  air  ionized  by  strong  X-rays 
at  a  given  exhaustion,  by  accumulation  of  persistent  nuclei  in  the  lapse  of  time* 
Table  26. 


56.  Water  nuclei  produced  by  evaporation. — A  beautiful  method  of 
demonstrating  the  production  of  water  nuclei  in  connection  with  the 
condensation  of  fog  consists  in  leaving  the  cock  for  influx  of  air  from 
the  filter  slightly  open.  In  such  a  case  the  fog  begins  to  evaporate  as 
soon  as  produced,  and  there  will  be  less  loss  from  subsidence  of  fog 
particles,  in  proportion  as  the  evaporation  is  more  rapid;  in  other  words, 
as  the  stopcock  is  more  widely  opened.  Table  27  shows  restdts  of  this 
kind  and  they  are  reproduced  in  fig.  37,  where  the  abscissas  are  dis- 
tributive. In  every  case  the  efficient  nucleation  (n)  of  dust-free  air, 
after  complete  subsidence  of  the  preceding  fog,  is  much  in  excess  of 
n',  the  nucleation  observed  when  the  fog  is  dispelled  by  evaporation. 
The  table  also  proves  that  the  degree  to  which  the  filter  cock  (fine  screw 
valve)  is  open  does  not  influence  the  result. 
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Tabu  37. — ^Bnlargeiiient  ot  nucki  of  dust-bn  air.  GUn  tog  rtntmhw,  lifiile  «M 
doth  partitioD.  ip—yo.')  aa.\  t  found  after  complete  subsidence  of  preceding cocona; 
^  after  partial  nibsklence  vith  evaporation. 


'  Aftar  maor  dkyi'  wsltlns. 
■  Aftar  few  nlnuUa'  mitlog. 


Date. 

'' 

r*. 

Cock 
open. 

,x.o-. 

n'  X  io-». 

'■ 

nxio-". 

Remaiki. 

PiiU  nilMi- 

Oct.  17 

'7.0 

45 

I3S 

'7-4 

140 

dence  but 
withqnkk 

op^2^ 

££•> 

(Same,    but 

6.0 

45 

84 

7-4 

140 

I    Influx. 

Oct.  19 

7-3 
■7.5 

'5-7 
'3-0 

45 

45 
45 
45 
45 
45 
90 
90 
90 

>3S 
150 
150 

150 

'50 

140 

7» 
88 

>  Bloind  with  much  nln. 


ftos.  37  and  38. — Periodic 

open  filter 


Tablet  rj  and  18. 


So 
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In  table  aS  and  fig.  38  the  occurrence  of  periodic  variation  in  the 
angular  diameter  of  successive  coronas  and  the  corresponding  efficient 
nucleation  is  shown  by  the  same  method  of  a  permanently  opened  filter 
cock.  The  conditions  of  all  of  the  exhaustions  are  quite  identical;  but 
the  small  fog  particles  of  large  coronas  evaporate  faster  and  in  greater 
numbers  than  the  larger  particles  of  smaller  coronas.  Hence  the  water 
nuclei  are  present  in  like  periodic  distribution.  The  effect  is  more 
striking  when  the  stopcock  is  opened  wider.  The  difference  between 
180^  and  90^  in  the  adjustment  of  the  cock  is  not  marked,  because  the 
filter  itself  introduces  resistance  to  flow. 


Table  28. — Corresponding  to  table  27.     Periodicity  due  to  permanent  open  filter  cock. 


1 

1 

s. 

y. 

Cock 
open. 

n. 

n'. 

Oct.  20  . . 

'6.5 
•6.2 

'6.9 

»6.4 
'7.1 

»2.8 

;7.2 

'3.0 

'.^■^ 

•3.0 
'7.0 

*2.9 

»7.o 

0 

45 

45 

45 

45 

45 

90 

90 

90 

90 

90 

180 

180 

180 

180 

180 

' 

102 

89 
121 

96 
130 
150 

7.8 
150 

lO.O 

150 

150 

10 

130 

9 

130 

*  wog. 
*wrg. 


Note  the  periodicity  of  the  series. 


*  Blurred  with  r»in. 
*gBp. 


Tablr  29. — Corresponding  to  table  27.    Effect  of  dP;  cock  open  during  exhaustion. 


dp. 

^. 

Cock 
open. 

n'. 

Oct.  22 

26 

3-6 

0 
45 

17. 1 

26 

2.6 

45 

6.3 

26 

2.7 

45 

7.1 

1 

28 

5-9 

45 

77 

28 

4-4 

45 

31 

28 

5.2 

45 

53 

30 

70 

45 

125 

30 

6.1 

45 

85 

30 

6.9 

45 

120 

30 

6.0 

45 

85 

30 

6.6 

45 

105 

•  • 

7.3 

Closed 

135 
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In  table  99  the  effect  of  different  drops  of  pressure  (dp)  is  investigated 
for  low  exhaustions  and  smaller  coronas  and  there  is  scarcely  any 
periodicity.  As  the  exhaustion  is  higher,  periodicity  in  the  size  of 
successive  coronas  is  correspondingly  marked.  The  data  give  an  esti- 
mate as  to  the  degree  in  which  periods  are  to  be  guarded  against. 

In  table  30  experiments  similar  to  the  preceding  are  made  with 
ionized  air.  It  will  be  seen  that  the  periodicity  is  in  every  case  just  as 
marked  as  before.  In  the  absence  of  evaporation  (closed  filter  cock) 
the  successive  coronas  are  equal.  Precipitation  at  a  low  drop  (dp)  of 
pressure  is  followed  by  a  relatively  large  corona  at  a  higher  drop  of 
pressure,  as  the  water  nuclei  have  been  removed  in  the  former. 


Table  30. — Poiodidty  of  ionized  air.    X-rays;  Z>  -50  cm.     Filter  cock  permanently 
just  open.     Exhaust  cock  li";  ^^  -23  cm.  below  fog  limit  of  dust-free  air. 


Exp.  No. 


1 

2 

3 

4 

5 
6 

7 


s. 

Cor. 

10.5 

wrg 

6.3 

cor 

9.6 

wcg 

5.0 

cor 

10.4 

wrg 

5.6 

cor 

9.2 

wcg 

c  closed  c 

lurinflT  exl] 

n  xior*. 


210 

75 
200 

41 
210 

58 
190 


and  subsidence. 


8 


*9  3 


wcg 


190 


Dust-free  air  not  energized;  ^^-31; 
repetitions  without  waiting  Dec.  13; 
internal  evolution  of  nuclei  has  ceased. 


•  •  •  • 


"5 
"5 


wyg 

wyg 


335 
335 


Dust-free  air  not  energized;  ^^  —  36  cm 


13.5 
13.5 


480 
480 


Evap.  nuclei  precipitated  at  ^/>-23.2 
cm.  and  then  tested  at  dp  -31. 


I 

2 

3 


3.0 
0.0 


cor 

«gyo 


8 

o 

410 


*  No  diilamica  between  7  imd  8. 


*Conma  enUus^  hy  the  preceding  fwedpitfttioii. 


Some  interesting  questions  present  themselves  in  connection  with 
this  work.     Are  the  nuclei  holding  positive  ions  different  from  those 
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holding  negative  ions?  Do  they  retain  their  charges,  or  some  equiva- 
lent of  the  charges?  As  there  is  less  mobility  and  slower  recombina- 
tion in  cases  of  ions  entrapped  by  water  nuclei,  one  would  infer  greater 
opportunity  for  the  gravitational  separation  of  the  equivalents  of  the 
positive  and  negative  charges;  for  it  seems  improbable  that  the  water 
nuclei  restdting  can  be  of  the  same  size. 

Finally,  in  table  31  data  have  been  gathered  showing  the  gradual  self- 
purification  of  the  fog  chamber,  after  cleansing  and  sealing.  Nuclei 
arising  from  some  internal  source  cease  to  appear  in  the  mere  lapse  of 
time  and  without  further  interference.  The  coronas  s^  and  s^  are  observed 
in  successive  exhaustions  at  the  time  (days  and  hours)  given.  Initially 
the  first  corona  is  smaller  in  marked  degree,  owing  to  the  spurious 
nucleation  within.  After  more  than  three  days,  however,  both  coronas 
5|  and  5s  are  identical. 

Table  31. — Purification  of  the  fog  diamber  in  the  lapse  of  time.    ^^-31.    Exhaust 
cock  2}  inches;  piping  12  inches  long,  2  inches  in  diameter. 


Date. 

Hour. 

^1- 

Cor. 

*i. 

Cor. 

n,  xior*. 

fijXior*. 

Nov.  30 

10  a.  m. 

4.6 

"5 

40 

305 

5  p.m. 

7.5 

gBP 

12.0 

wyg' 

150 

380 

Dec.    I 

10  a.  m. 

8.0 

w  Pcor 

II. 7 

wyg' 

180 

380 

6  p.  m. 

»9.7 

wcg' 

•   •   •   • 

gyo 

275 

410 

Dec.    2 

9.2 

wrg 

II. 4 

wog 

230 

305 

13 

"•5 

wyg 

"5 

gfl 

305 

335 

•14 

g^ 

14 

460 

460 

1  Vacuum  maintained  some  hours.  *dp'^  36.    Internal  source  of  nucleation  absent. 

The  sotirce  of  this  transient  internal  nucleation  is  difficult  to  detect. 
There  were  no  leaks.  Oil  evaporation  if  harmful  wotdd  be  continuous. 
The  same  differences  of  fresh  and  stagnant  air  in  relation  to  5|  and  s^ 
are  always  reproduced.  There  is  no  evidence  that  anything  in  the 
vacuum  chamber  is  capable  of  diffusing  into  the  fog  chamber.  Some 
agency  therefore,  which  is  productive  of  relatively  large  nuclei,  and  the 
nature  of  which  is  not  clear,  survives  many  consecutive  precipitations. 


57.  Distance  effects.  X-rays. — In  the  following  experiments  I  endeav- 
ored to  overhaul  the  curious  results  obtained  when  the  X-rays  strike 
the  fog  chamber  from  different  distances,  without,  however,  reaching 
very  satisfactory  conclusions.  The  object  of  the  following  work  is  to 
bring  to  bear  the  newly  improved  means  on  the  problem.  In  table  33 
data  are  given  as  obtained  with  the  glass  fog  chamber,  the  drop  of 
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pressure  (8p)  being  below  the  coronal  fog  limit  of  dust-free  air.  Hence 
there  are  no  complications  from  colloidal  nuclei.  In  parts  I  and  II  of 
the  table  the  X-ray  bulb  was  not  inclosed  in  the  windowed  lead  vessel 
specified,  whereas  in  part  III  this  is  the  case;  while  in  part  IV  a  tin 
plate  has  been  placed  over  the  window. 


Tablb  32. — Distance  effects  due  to  X-rays.     Fog  chamber  of  glass  with  2.5-iiich  gas 
cock  and  2-inch  piping  12  inches  long.    X-ray,  7  cells.    ^^-23.8  cm. 


D. 

s. 

Corona. 

nxioH. 

I.  Bulb  not  inclosed;  meters 

0.5 
6.0 

•  •   • 

2.0 

•  •  • 

.5 

10. 0 

6.3 

6.2 

7.3 

7-4 
II. 0 

wcg 
cor 

w'BP 
w'BP 

gyo 

220 
80 

75 

"5 
120 

260 

^^-20.3  cm. 

II.  Same;  bulb  not  inclosed 

0.5 

•  •  • 

2.0 
6.0 

•  •  • 

4.0 

•  •  • 

l.O 

•  •  • 

.5 

• 

7. 

5 

5 

3 

3 

3 

4 

6 

6 

7. 
7 

• 

2 
2 
2 

5 

5 
6 

.5 

4 

3 
,2 

3 

wBP 
wBP 

wrg 
wrg 
wyg 
wyg 

90 

100 

42 

42 

13 

13 

15 
28 

75 

70 

100 

105 

9p  -  22.7 ;  X-ray  bulb  in  lead  case'  with  window  7.5  cm.  in  diameter. 

III.  Window  open 

600 
400 
200 
100 

•  •  ■ 

•  •   • 

4.1 

cor 

cor 
wrg 
gBP  + 
gBP  + 
gBP  + 

22 

27 

85 

135 

135 

135 

LidoflF 

4 
6 

7 

7 
7 

4 

.5 
■5 
•5 

1     ^   Kf 

Same.    Tin  plate'  over  window. 

IV.  Tin  window 

600 
200 
100 

2r1 

cor 

cor 

wrg 

6.5 
40 

99 

4 
6 

■  w 

9 
9 

*  Lead  sheet  o. la  cm.  thick;  tin  pl«te  0.03  cm.  thibk. 
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-^ 

\ 

\ 

no. 

to 

"\ 

\ 

\ 

'^ 

*1L 

^ 

N, 

■v 

^M- 

^4 

^ 

5^' 

0 

'frntli 

■» 

- 

Fig.  39- — Nucleation  (ions)  produced  by  a 
radiating  X-ray  bulb  (caard  in  lead  or 
not  aa  Mated),  at  different  distances  (D) 
from  the  glass  fog  chamber.    Table  33. 


Fic.  40. — Thciame,  UlustrBting  table  15, 
Chapter  II. 


Tbe  curves  I  and  II,  fig.  39,  for  the  free  bulbs  show  different  nuclea- 
tions,  compatibly  with  the  different  values  of  3p  applied,  but  are  other- 
wise alike  in  character.  They  in  no  way  suggest  the  law  of  inverse 
squares.  The  curves  III  and  IV  for  the  inclosed  bulb  are  again  similar 
in  character,  but  beyond  this  very  little  can  be  stated.  If  in  case  of 
series  II  and  III,  for  instance,  the  taw 

H  (-4 +D)*- const. 
is  assumed,  the  constant  A  would  have  to  be  from  1.3  to  3.7  meters  in 
the  first  case,  and  1.5  to  i.\  meters  in  tbe  second,  which  is  entirely 
out  of  the  question  for  a  fog  chamber  less  than  0.5  meter  long.     If  the  law 

M  M+Z)) -const, 
is  used,  in  the  first  case  (II)  A— 0.3  to  0.1  meter;  in  case  111,^4=-  — o.a  to 
-  0.6  meter.    This  decrease  would  then  be  too  fast  in  the  first  case  and 
too  slow  in  the  second,  or  the  decrement  in  case  of  the  open  bulb  is 
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slower  and  in  case  of  the  inclosed  bulb  (lead  box  with  window)  faster 
than  the  first  power  of  distance. 

In  fig.  40  I  have  inserted  data  incidentally  obtained  in  Chapter  II, 
table  I  s  (upper  curve) ,  together  with  data  of  the  same  kind  in  the  earlier 
reports  (lower  curve).  The  former  are  the  steepest  curves  obtained  and 
the  latter  the  least  so.  Here,  as  elsewhere,  it  is  difSctdt  to  conjecture 
a  reason  for  this  apparently  erratic  difference  of  behavior,  tmless  it  be 
referred  to  the  facility  with  which  secondary  radiation  is  evoked,  and  to 
the  degree  in  which  the  fog  chamber  is  pervious  to  it  or  generates  it. 
Since  dn/d/=«a--6n'  =  o,  where  a  is  the  number  of  ions  produced  per 
second,  a  must  vary  as  the  square  of  the  number  of  ions,  n,  observed. 

58.  The  same,  continued.  Small  wood  fog  chamber. — ^The  data  of  the 
last  paragraph  with  the  glass  fog  chamber  suggest  a  comparison  with 
the  wood  fog  chamber.  The  latter  is  much  the  more  pervious  and  in 
the  earlier  work  showed  a  much  smaller  distance  effect.  Table  33  con- 
tains eight  series  of  results.  In  series  I,  fig.  41,  the  march  is  not  unlike 
the  case  for  the  glass  chamber;  but  in  series  II  the  insignificant  differ- 
ence between  a  bulb  distance  of  50  and  100  cm.  from  the  fog  chamber 
(curves  III  and  IV)  are  similar  to  I,  and  often  betray  the  incidental 
weakening  of  the  X-ray  bulb.  In  the  series  VI  to  VIII,  change  of  the 
drop  of  pressure  (dp)  was  introduced,  but  the  inherent  diflBculty  of  coping 
with  the  bulb  variations  is  seen  in  the  details  in  fig.  43. 

It  is  probable  that  the  ordinates  of  the  curves  V  to  VIII  (figs.  43  and 
43)  are  proportional  to  each  other;  but  a  discussion  is  beyond  my  present 
purpose.  The  slow  order  of  change  with  distance  should,  however,  be 
noticed. 

59.  The  same,  continued.  Large  wood  fog  chamber. — It  is  with  this 
apparatus  that  the  coronas  of  almost  the  same  aperture  were  obtained 
in  the  earlier  work,  while  the  X-ray  bulb  was  moved  from  i  to  6  meters 
from  the  fog  chamber.  Table  34  and  fig.  44,  however,  show  that  this 
result  must  have  been  due  to  other  conditions,  for  there  are  changes  of 
nucleation  here  registered  amounting  in  case  of  the  distance  specified 
(i  to  6  meters)  to  n'/»  =  i4s/io4  at  dp  =  22\  77/41  at  dp^ig.  For 
greater  pressure  differences,  dp  =  2S  and  29,  the  occurrence  of  terminal 
coronas  would  interfere  with  the  comparisons.  At  higher  exhaustions 
still,  the  efficiency  of  air  nuclei  would  be  gradually  restored,  so  that  the 
observed  nucleation  may  be  greater  with  the  bulb  at  6  meters  than  at 
I  meter  from  the  fog  chamber  (see  Chapter  II,  figs.  24  and  25).  At  the 
very  low  exhaustion  ^p  =  1 7  the  coronas  are  too  small  to  be  serviceable 
for  comparison. 
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Figs.  41,  42,  and  43. — Nucleations  (ions)  produced  by  a  radiating  X-ray  bulb  at 
different  distances  (D)  from  the  small  wood  fog  chamber.     Table  34. 

With  regard  to  the  work  of  table  34  it  should  be  stated  that  it  is 
always  customary  to  make  a  second  exhaustion  to  remove  the  water 
nuclei  left  by  the  first.  Again  but  two  distances  (i  and  6  meters)  were 
selected  to  guard  against  losses  of  efficiency  of  the  X-ray  btdb,  so  far  as 
possible.  The  exhaustion  was  made  during  the  exposure,  which  was 
always  brief.  At  the  distance  D  =  6  meters  from  the  bulb,  there  is  a 
terminal  corona  at  dp ^22  cm.;  at  D=i  meter  it  appears  a  little  later 
at  dp  — 2^,  (See  Chapter  II,  figs.  24  and  25.)  In  fig.  45  the  correspond- 
ing points  are  joined  by  straight  lines,  for  convenience. 

60.  The  same,  continued.  Discussion. — Experiments  of  the  present 
kind  are  hampered  by  two  annoying  difficulties,  the  first  being  the 
variability  of  the  X-ray  bulb,  the  other  the  tendency  of  the  wooden  fog 
chambers  to  develop  slight  leaks  which  often  pass  unobserved.  True, 
the  chamber  is  tested  by  a  second  exhaustion  after  each  of  the  coronas 
measured ;  but  the  unfiltered  atmosphere  entering  anywhere  is  liable  to 
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produce  a  disproportionate  amount  of  distortion,  because  of  the  relatively 
large  size  of  the  nuclei  contained.  Hence  it  is  of  little  value  to  attempt 
to  systematize  the  above   results  in  the   absence   of  a  well-digested 

Table  33. — Revision  of  distance  effect.    X-rays.    Small  wooden  fog  chamber  15x11 

X45cm.     dp  "21.7  cm. 


I. 

X-rays  oflf 
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>^^«-aS.3,  f— 5.7.  "Fresh  bulb.  *  Battery  current  weak. 

*  Second  exhaustion  without  rays  made  (after  the  first)  to  remoye  water  nucleL 

*^p— sS.!.    •-481  »-" 57.000;   ^p-19.7*  *'"S.>.  <»-55>ooo;    ^^— 31.9.  •'-5-6.  f»-7K.ooo. 

*Corooas  laiye  00  the  near  end  and  small  on  the  far  end  of  fog  chamber.    Subsidence  obUque. 
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Tabls 

34. — Revision  of  distance  effects.     Laige  wood  fog  duunbei 

cm.    Eidiaustioo  during  exposure. 
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^Tenninal  oorona;  same  for  7  luid  9  celli. 

theory  of  the  phenomena;  but  the  equations  n^nJiA-k-DY  and  n  = 
n^liA  -\-D),  where  A  is  constant  and  D  the  distance  between  btdb  and 
fog  chamber,  may  be  adduced  to  accentuate  the  order  of  values  observed. 
This  has  been  done  in  case  of  table  32,  showing  that  for  the  non-incased 
bulb  even  the  inverse  first  power  of  D  varies  more  rapidly  than  the 
observed  phenomenon.  To  a  much  greater  extent  is  this  true  for  the 
wood  fog  chambers.  The  phenomenon  itself  is  clearly  a  case  of  super- 
position of  primary  and  secondary  radiation.  The  latter,  moreover,  is 
furnished  not  only  by  the  environment  of  the  X-ray  btdb,  as  shown  in 
fig*  39  by  surrounding  the  btdb  with  a  windowed  lead  case,  but  also  by 
the  immediate  environment  of  the  fog  chamber.  The  small  distance 
variation  encountered  would  then  seem  to  be  explained  by  supposing 
that  relatively  much  secondary  radiation  is  released  by  relatively  weak 
primary  radiation,  as  compared  with  a  case  of  strong  primary  radiation. 
Under  all  circumstances  the  total  effect  is  an  integral  to  be  extended 
over  the  whole  surface  and  possibly  the  interior  of  the  room.  Finally, 
one  should  recall  that  the  rate  at  which  ions  are  produced  by  the  radi- 
ation must  vary  as  the  square  of  the  number  observed. 
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Fig.  44. — Nudeations  (ions)  prodtioed  by  a  radi- 
ating X-ray  bulb  at  different  distances  {D) 
from  the  large  wood  fog  chamber.    Table  34. 

61.  Distance  effect  and  absorption.  Radium. — ^A  few  experiments  were 
made  incidentally  with  impure  radium  (10  mg.  io,oooX,  sealed  in 
aluminum),  using  the  method  of  depression  of  the  terminal  asymptote. 
In  table  36,  for  instance,  results  are  recorded  on  the  absorption  of  the 
y-rays  in  lead.  Fig.  45  shows  the  results  in  relation  to  the  nucleation  of 
dust-free  air,  the  eflBcient  nucleation  of  which  is  more  and  more  reduced 
as  the  intensity  of  the  radiation  increases  with  the  diminishing  thickness 
of  the  absorbing  lead  envelope. 

After  nearly  1.6  cm.  of  lead  have  been  penetrated,  the  distance  of  the 
curve  from  the  asymptotic  air  line  is  still  marked.  Results  of  this  kind 
should  furnish  valuable  data  for  testing  any  theory  on  the  distribution 
of  precipitated  moisture  on  graded  nuclei  under  any  definite  conditions. 

Table  36  gives  an  incidental  series  of  distance  effects  worked  out  by 
the  same  methods.    As  exhibited  in  fig.  46,  the  first  series  reaches  the 
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of  radium  penetrating  through  different  thickncsBes  of  lead.    Table  35. 


Table  35. — Absorption  of 
lead.  7-rays  of  radium 
10,000  X.  D-ioo  cm.; 
3p  =31  cm. 


high  asymptote  for  dust-free  air  practically  at  a  distance  of  Z>  =  150  cm. 
In  the  second  series  the  asymptote  is  lower,  due  to  details  in  the  ad- 
justment in  the  apparatus,  and  reached  later,  i.  ^.,  at  a  distance  of  D  = 
180  cm.  between  the  radium  and  the  fog  chamber.    This  curve  has  been 

worked  out  completely  for  D  =  o  cm.,  and 
shows  the  very  interesting  feature  of  a  well- 
developed  minimum.  In  other  words,  as  the 
radium  is  removed  from  the  fog  chamber,  the 
ions  which  at  first  predominate  and  capture 
all  of  the  moisture  decrease  more  and  more 
in  number,  until  the  conditions  are  ripe  for 
the  simultaneous  condensation  of  moisture 
on  the  colloidal  nuclei  of  dust-free  air.  In 
proportion  as  the  radium  is  further  removed, 
the  latter  predominates,  fully  so  when  the 
asymptote  is  reached. 

The  corresponding  results  when  the  radium 
tube  is  inclosed  in  a  thick  lead  pipe  (walls 
5  mm.,  length  60  cm.)  shows  a  much  sharper 
minimum,  occurring  at  lower  exhaustions.  Such  irregularities  as  are 
apparent  here  may  be  referred  to  the  unequal  distribution  of  radiation 
within  the  fog  chamber  discussed  in  Chapter  I,  sections  ^etseq.  All  of 
these  curves  have  a  similar  bearing  on  the  question  of  the  distribution 
of  the  precipitate  of  graded  nuclei. 
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Tabls  36. — Distance  efiFect  and  absorption  of  radium  rays.     D  measured  from  side. 
^^  -31 .     November  2.     Lead  pipe  0.5  cm.  thick,  60  cm.  long 
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Fig.  46. — Minima  of  efficient  nucleations  observed  at  high  exhaustions  with  radium  at 

dififerent  distances  {D)  from  the  fog  chamber.     Table  36. 

62.  Falling  to  pieces  of  ions  in  the  lapse  of  time. — ^Miss  L.  B.  Joslin 
contributes  the  following  interesting  observations  obtained  by  the 
method  of  depression  of  the  terminal  asymptote. 

The  data  summarized  in  table  37  and  fig.  47  were  obtained  by  acting, 
in  the  manner  stated,  on  the  dust-free  moist  air  contained  within  a  glass 
fog  chamber,  with  a  sample  of  weak  radium  (i  0,000  X>  10  mg.),  sealed 
in  an  aluminum  tube.  This  was  placed  on  the  outside  of  the  chamber 
in  contact  with  its  walls  (o.a  to  0.3  cm.  thick),  and  was  then  removed 
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suddenly  at  given  intervals  before  exhaustion.  Only  very  penetrating 
primary  rays  (p  and  y)  are  therefore  in  question.  The  curves  show  the 
number  of  efficient  nuclei  in  thousands  per  cubic  centimeter,  observed 
after  the  lapses  of  time  shown  by  the  abscissas,  and  it  is  supposed  that 
the  nuclei  are  reproduced  faster  than  they  can  be  removed  by  the  ex- 
haustion. In  the  upper  curve  the  pressure  differences  appUed  (dp'^si) 
are  much  above  the  fog  limit  of  dust-free  air,  which  is  below  8p^*«  a4  for 
the  given  apparatus.  In  the  lower  curve  the  pressure  differences  are 
nearly  at  the  fog  Umit  of  dust-free  air,  while  the  other  curve  (dp^aS) 
applies  for  intermediate  conditions.  The  effect  of  the  radiation  is  there- 
fore, virtually  at  least,  a  coagulation  (to  use  a  figurative  expression)  of 

Tabi«s   37. — Falling  to   pieces  of   ioiis  produced   by   radium.    Everything    ready; 

cocks  closed  before  removing  radimn. 
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the  colloidal  nuclei  of  dust-free  air  into  the  aggregates  much  larger  in 
size  representing  the  ions.  Hence  in  the  presence  of  radium  tmder  the 
given  conditions  the  number  of  efficient  nuclei  decreases  either  because 
the  ions  from  their  size  capture  all  the  available  moisture  more  and  more 
fully,  or  because  the  colloidal  nuclei  have  actually  been  aggregated  into 
fewer  but  larger  systems,  which  will  in  turn  fall  apart  in  the  absence  of 
raditmi. 
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200 


Fio.  47. — ^Efficient  nudeation  observed  within  the  fog  chamber  at  different  times  after 
exposure  to  radium  applied  outside  at  different  exhaustions  (^/»).    Table  37. 


It  follows  from  what  has  been  stated  that  above  the  fog  limit  of  dust- 
free  air  the  number  of  efficient  nuclei  must  increase  with  the  removal 
of  radium  at  a  rate  which  corresponds  to  the  falling  to  pieces  of  the  ions. 
The  peculiar  feature  of  the  results  here  in  question  is  the  manner  in  which 
the  efficient  nucleation  decays  from  the  coarser  ionized  to  the  finer 
non-ionized  colloidal  stages,  when  the  pressure  difference  is  decidedly 
above  the  fog  limit  of  air,  so  that  the  latter  may  be  recognized.  The 
curves  invariably  pass  through  a  minimum  when  the  time  after  the 
removal  of  the  radium,  i.e.,  the  interval  of  decay,  increases  indefinitely. 

This  minimum,  moreover,  is  very  sharp,  almost  cusp-like,  as  if  one  law 
were  passing  abruptly  into  another.  Thus  below  the  minimum  (/«i3 
sec,  about)  the  curve  for  ^/?«=3i  nearly  coincides  with  the  curve  for 
dp  ^2^,  which  is  practically  independent  of  the  colloidal  nuclei  of  air. 
The  decay  may  be  computed  to  be  of  the  order  of  that  of  ions.  After  a 
lapse  of  13  seconds  the  effect  of  colloidal  nuclei  is  marked  for  dp^ii\ 
and  even  after  a  lapse  of  60  seconds,  when  the  ions  (lower  curve)  have 
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vanished  to  a  few  hundred,  the  upper  curve  is  only  half  way  on  its  march 
toward  the  asymptote.  This  shows  the  remarkable  sensitiveness  of  the 
method  as  a  test  for  the  presence  of  ions  or  of  any  nuclei  larger  than  the 
colloidal  sizes.  Moreover,  measurement  of  the  large  coronas  is  relatively 
easy.  Finally,  the  curve  d/?  =  31 ,  if  prolonged  backwards,  would  seem  to 
start  nearly  from  the  origin;  in  such  a  case  one  would  have  to  picture  to 
oneself  a  single  particle  breaking  to  pieces,  in  the  absence  of  radiation, 
into  fragments  of  continually  decreasing  size,  until  the  debris  ultimately 
ntmibers  150,000  colloidal  nuclei. 

The  intermediate  curve  (dp^aS)  also  coalesces*  approximately  with 
the  other  curves  for  lapses  of  time  less  than  /»i3  seconds.  It  has  its 
own  minimum,  however,  and  from  the  lower  pressure  diflEerence,  neces- 
sarily its  own  asymptote  at  n  a  40,000,  since  only  the  coarser  order 
of  air  nuclei  fall  within  the  given  limits  of  condensation  in  the  apparatus 
used.  For  the  same  reason  the  minimum  is  lower  and  later,  seeing  that 
the  ions  are  present  throughout  in  relatively  greater  numbers  as  com- 
pared with  the  efficient  colloidal  nuclei,  than  was  the  case  at  dp^^^i. 

The  curves  as  a  whole  have  so  close  a  resemblance  to  the  data  inves- 
tigated in  section  61  for  the  effect  of  radium  at  different  distances 
from  the  fog  chamber  that  the  same  cause  must  underlie  both  series  of 
observations.  In  the  former  case  (distance  effects)  any  given  intensity 
of  ionization  between  the  maximum  and  the  vanishing  values  may  be 
maintained  indefinitely  by  properly  placing  the  radium  tube;  in  the 
latter  case  (decay)  all  stages  are  passed  through  in  2  or  3  minutes. 
Beginning  with  dust-free  non-energized  air,  the  number  of  efficient 
nuclei  decreases  as  the  number  of  ions  increases  (for  either  or  possibly 
both  of  the  reasons  already  given)  until  the  condensation  takes  place 
wholly  on  ions.  For  greater  intensities  of  ionization  the  number  of 
ions  must  increase  further,  and  hence  the  efficient  nucleation  rises  again 
while  the  curve  passes  through  a  minimum. 

•; ,  The  curves  enable  us  to  make  certain  interesting  comparisons,  inas- 
much as  the  same  nucleation  results  from  radium  decaying  for  a  stated 
length  of  time,  as  results  from  the  action  of  radium  at  a  certain  distance 
from  the  line  of  sight.  From  the  importance  of  secondary  radiation 
in  connection  with  these  observations,  such  comparisons  are  probably 
not  simple.  The  essential  feature  is  the  passage  of  the  nucleation 
through  the  same  stages  of  variation,  whether  of  size  or  of  number,  in 
both  cases  no  matter  how  the  given  successive  intensities  of  ionization 
may  be  produced,  or  whether  they  come  from  within  or  without. 

*  Considered  relatively  to  the  wide  divergence  after  I  — 13  sec.  is  passed.  The  ooaks- 
cence  need  not  be  perfect.     Small  coronas  fall  out  too  rapidly  for  close  measurement. 
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63.  Decay  curve. — Assuming  that  the  rate  of  decay  in  the  lapse]"of 
time  (/)  is  as  the  square  of  the  ntmiber,  or  that  i/n— i/n'«=6  (t-t^) 
where  b  is  constant,  a  few  incidental  attempts  were  made  to  compute  b. 

Table  38  and  fig.  48  contain  an  example  of  such  results,  obtained 
by  exhausting  the  fog  chamber  at  a  stated  time  after  the  removal  of 
radium.  The  drop  in  pressure  is  below  the  coronal  fog  limit  of  air  and 
all  precipitation  takes  place  on  ions. 


to  20  30  40  so  60  70  BO  90  iOO 


Fig.  48. — Decay  of  ionized  nuclei  (n  per  cubic  centimeter)  produced  by 
radium  in  dust-free  air,  in  the  lapse  of  seconds.     Table  38. 


Table  38. — Decay  curve  at 
^^  -  23.    Radium  on  top. 


For  the  first  five  seconds  6  =  0.0019,  for 
the  first  fifteen  seconds  6  =  0.0022,  etc., 
the  values  obtained  ranging  from  0.002  to 
0.003.  This  is  larger  than  the  electrical 
datum  0.0014.  Decay  is  more  rapid  than 
the  equation  warrants.  Initial  coronas  are 
too  large,  final  coronas  too  small,  in  spite 
of  the  presence  of  air  nuclei,  the  number 
of  which  should  be  deducted  at  least  in 
part.  Other  experiments  show  similar  co- 
efficients. Thus  the  low  curve  of  Miss  Jos- 
lin  would  conform  to  6=0.0023.  Natu- 
rally the  present  method  for  6  is  much 
inferior  to  the  electrical  method,  even  if 
the  two  coefficients  are  identical;  but  the  6  here  is  obtained  tmder  pos- 
sible complications  with  the  larger  gradations  of  the  colloidal  nuclei  of 
dust-free  air,  though  these  are  probably  inefficient. 

If  the  values  of  i/n  be  inserted,  the  curves  should  be  linear,  since  i/n 
=  i/n^+6/,  where  t  is  the  time  dated  since  the  occurrence  of  n^.  The 
line  passing  through  the  observations  at  5,  30,  50  seconds  is  best  adapted 
to  represent  the  results,  and  compatibly  therewith  600.0024  (n  in 
thousands  of  nuclei  per  cubic  centimeter)  may  be  roughly  assumed. 
These  computed  values  of  n  are  given  in  table  38  and  shown  in  the  chart 
(fig.  48).    They  are  too  low  initially  and  too  high  finally,  even  if  the  air 
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value  is  quite  ignored;  but  the  constant  probably  reproduces  the  true 
conditions  better  than  the  observation,  remembering  that  the  initial 
corona  (t «  o)  is  not  quite  invariable. 

A  very  important  consequence  may  be  deduced  from  these  results. 
The  equations  specified  may  be  written 


K?-)-- 


Hence  if  the  ratio  of  nucleations  or  of  ions  is  known  (for  instance  by  the 
method  of  geometric  sequences),  njn  is  given,  and  the  absolute  value 
of  n  may  be  computed  if  b  is  known.  Now,  if  b,  for  the  case  of  ions, 
may  be  taken  as  identical  with  the  value  found  in  electrical  experiments, 
where  &» 0.0014,  roughly  and  relative  to  ionization  in  thousands,  bn^^ 
0.0014  n\  where  nfg  is  the  true  nucleation.  Thus  in  table  39,6  BO.ooa4, 
1(0  =  67,500;  therefore  n^«a  (0.0024/0.0014)  tig  or  115,000  nuclei  per  cubic 
centimeter.  Quite  generally,  if  nQ/n  and  b  are  determined  from  purely 
coronal  measurements  b/0.0014  is  the  reduction  factor  for  all  the  rela- 
tive nucleations  to  absolute  values. 

Another  very  important  consequence  may  be  drawn.  If  the  coeffi- 
cient is  known  from  direct  experiments,  it  will  then  be  possible  to 
standardize  the  residual  ctirve  (depressed  asymptote)  leading  to  the 
terminal  corona.  Thus  if  6^0.0024  is  roughly  assumed,  as  an  example 
derived  from  the  data  at  dp  =  24  cm.  (table  37  and  fig.  47),  the  value 
of  the  ordinates  of  the  curve  for  dp^^^i  would  then  be  given  by  table 
39  and  fig.  49- 

Moreover,  in  any  such  curve,  while  the  ordinates  denote  the  computed 
number  of  ions,  the  abscissas  denote  the  observed  number  of  efficient 
colloidal  nuclei  and  ions  in  the  course  of  time,  largely  the  former.  Hence 
the  curve  gives  an  indication  of  the  distribution  of  the  precipitated 
water  on  the  two  groups  of  nuclei,  different  in  size  and  present  in  different 
proportions,  for  the  given  supersaturation.  Experiments  of  this  kind  are 
of  the  highest  importance  and  the  present  cursory  treatment  is  admitted 
provisionally,  in  view  of  a  projected  restandardization  of  the  coronas  of 
cloudy  condensation,  which  the  variety  of  results  since  obtained  has 
made  necessary.  The  curve  for  &«  0.0024  is  shown  in  fig.  48;  the  two 
curves*  i  and  n+i,  *  and  n,  in  fig.  50.  The  initial  descent  of  the  graph 
for  i  and  n  is  clearly  steeper  than  would  correspond  to  any  exponential 
or  hyperbola,  and  an  equation  of  the  form 

i  (n+i4)^=C 
is  at  least  needed  to  express  the  data.     The  computation  of  the  constants 

'*' Where  i  denotes  the  number  of  ions,  n  the  number  of  nuclei  per  cubic  centimeter. 
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would  not  be  of  any  value.  The  table  and  chart  show  clearly  enough 
how  rapid  a  reduction  of  efficient  nuclei  is  produced  by  the  presence  of 
but  a  few  thousand  ions.  The  results  would  have  been  much  more 
striking  if  a  more  efficient  form  of  apparatus  had  been  used,  since  for 
dp  ^11  cm.  it  is  customary  to  obtain  four  or  more  times  as  many  col- 
loidal nuclei  in  the  absence  of  ions. 


TablS  39. — Qnuluatioii  of  high  pressure  curve,    h  -  0.002 ;  f^  -  75  X  lo* 
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Flo.  49. — Decay  of  urns  (»  per  cubic  centimeter)  in  dust-free  air,  evidenoed  by 
increase  of  eflScient  colloidal  nudeation  (n  per  cubic  centimeter).    Ttable  39. 

64.  The  same,  continued. — In  conclusion  I  may  state  that  a  number 
of  experiments  were  made  to  test  the  rate  at  which  the  ions  are  gener- 
ated. If  a  is  the  number  of  ions  produced  by  the  rays  per  cubic  centi- 
meter per  second  and  b  the  coefficient  of  decay , 
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This  may  be  written 


I      Cd  (dn/dt) 


/--— 7=1  T-TTTT-T— =  +  C 

dnidt 


from  which,  after  integration, 


-2y/ab'i-¥c     N-y/ajb 

N-^Va/b 
If 

?->lc 

nXni 


where  A  is  a  constant  and  »i=«\/a/6, 


na»n 


If  <==  00  ,  n=ni,  a=6n',  which  is  otherwise  evident.  The  coefficient 
a  is  here  taken  as  an  absolute  constant  independent  of  n.  In  the  pre- 
ceding paragraph  it  was  roughly  asstmied  that  &=»  0.002  if  n  is  reckoned 
in  thousands  per  cubic  centimeter.  Hence  0  =  0.000002  X  «*.  Thus 
if  n  =  io',  a  =  2  per  cubic  centimeter  per  second;  if  ns=io*,  a*=2  X  lo*. 
etc.  Experiments  were  tried  with  the  radium  tube  on  a  pendulum 
swinging  above  the  fog  chamber;  also  with  the  tube  on  an  inclined  plane 
moving  rapidly  across  the  chamber.  But  in  both  cases  the  results, 
which  essentially  require  the  opening  of  the  stopcock  of  the  fog  chamber, 
are  too  involved  to  have  any  critical  value,  and  they  are  therefore  dis- 
carded here. 

65.  Condensation  phenomena  of  the  inclosed  steam  jet.  Methods 
and  results. — Some  time  ago  (Bulletin  No.  12,  U.  S.  Weather  Bureau, 
1893),  I  obtained  a  series  of  results  (shown  for  example  in  fig.  52)  from 
observations  of  the  behavior  of  the  steam  jet  inclosed  in  a  wide  tube 
of  thin  sheet  metal.  The  jet  shown  at  /  in  fig.  50  plays  into  the  tube 
AkA,  about  2  inches  wide  and  2  or  more  feet  long,  the  steam  escaping 
at  B,  Sky-light  L,  from  a  mirror  Af ,  enters  the  tube  axially,  through 
a  window  a,  and  is  observed  through  an  opposite  window,  g.  Room  air 
enters  at  C,  to  cool  the  steam,  and  the  temperature  of  the  inflowing  air 
is  taken,  as  well  as  the  pressure  under  which  the  steam  escapes.  Fig.  51 
shows  two  such  tubes  arranged  for  differential  work.  These  data  are 
used  in  the  construction  of  fig.  52,  where  air  temperatures  in  degrees 
centigrade  are  horizontal  and  steam  pressures  in  pounds  vertical. 
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It  will  be  seen  that  for  each  temperature  of  the  inflowing  air  there 
is  a  definite  steam  pressure  at  which  the  field  of  the  tube  just  becomes 
opaque,  and  condensation  within  the  jet,  therefore,  begins  to  be  tumul- 
tuous. The  edge  of  the  opaque  field  is  sharply  marked,  and  above  15  it 
is  possible  to  pass  through  it  in  a  march  of  continually  increasing  steam 
pressures;  for  the  opaque  field  vanishes  with  a  kind  of  cusp,  dependent 
for  its  position,  naturally,  on  the  apparatus  used. 

What  the  figure  imperfectly  suggests,  however,  is  the  occurrence  of 
similar  loci  of  axial  color,  which  run  parallel  to  the  edge  of  the  opaque 
zone,  on  the  clear  side  of  it.  The  colors  follow  the  spectrum  series 
reversed,  v,  b,  g,  y,  o,  r,  growing  continually  fainter  and  vanishing  into 
daylight. 

The  field  becomes  at  once  opaque  if  a  strong  nucleator  like  phosphorus 
is  placed  near  C,  fig.  50;  or  any  color  may  be  obtained  in  this  way  by 
carefully  regulating  the  additions  of  nuclei,  as  shown  elsewhere.  Mere 
smokes,  like  salammoniac,  are  ineffective;  in  fact  the  field  made  opaque 
by  phosphorus  may  be  cleared  by  such  smoke,  added  in  reasonable 
quantity. 

Ordinary  non-filtered  air  is  practically  ineffective, — ^This  touches  the 
first  point  to  be  made.  I  have  shown  elsewhere  that  the  fog  chamber 
and  the  steam  jet  mutually  supplement  each  other;  the  former  respond- 
ing measurably  to  nuclei  reckoned  in  thousands  per  cubic  centimeter, 
the  latter  to  nuclei  reckoned  in  millions  per  cubic  centimeter,  to  speak 
roughly.  In  other  words,  the  whole  sequence  of  coronas,  of  which  there 
are  many  periods  visible  in  an  apparatus  of  reasonable  size,  has  been 
passed  through  when  the  occurrence  of  axial  color  begins,  the  latter  end 
with  particles  so  fine  as  to  be  optically  ineffective. 

It  is  for  this  reason  that  ordinary  non-filtered  air,  which  produces  such 
remarkable  effects  in  the  fog  chamber,  is  almost  without  effect  on  the 
steam  jet.  A  faint  scarcely  discernible  pink  tinge  is  all  that  is  seen, 
and  it  is  therefore  possible  to  omit  the  filtration  of  air  altogether.  The 
use  of  dust-free  air  will  not  change  the  conditions,  which  lie  wholly 
below  the  scope  of  the  steam  jet.  This  is  even  the  case  when  the  air 
is  artificially  dusted  by  less  powerful  nucleators  like  weak  X-rays  or 
weak  radium,  the  additions  being  as  a  rule  relatively  insignificant. 

As  the  increase  of  steam  pressure  can  only  increase  the  supersatu- 
ration,  it  follows  that  the  tumultuous  precipitation  of  the  steam  jet 
characterizing  the  opaque  zone  must  take  place  on  the  nuclei  of  dust-free 
air,  for  at  this  stage  of  the  phenomenon  the  corona-producing  dusts 
are  ineffective. 

Much  attention  has  been  given  by  Professor  Wood  in  this  country, 
and  by  others  abroad,  to  the  occurrence  of  optical  resonance  in  con- 
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Fu.  JO' — SectkMi  of  incloaed  steam  jet  and  tube. 
FlO.  51. — Binocular  indowd  steam  jet. 

Fio.  53. — Chart  sbowing  margin  of  opaque  cone  for  different  ateam  pnsMina  (poauds 
per  square  indi)  and  temperature  of  inflowing  air. 

nection  with  similar  color  effects.  But  the  case  of  the  steam  jet  may 
be  duplicated,  in  different  ways,  by  the  vapors  of  typical  non-ionizing 
liquids,  like  gasoline,  benzol,  carbon  bisulphide,  etc.,  with  even  more 
saturated  axial  colors  than  are  observable  in  steam.  Electrical  resonance 
can  not,  therefore,  be  effective  here,  where  the  fog  globules  are  dielectric. 
The  particles,  moreover,  are  too  large  to  fall  within  the  lines  of  such 
an  explanation. 

Returning  to  the  diagram  (fig.  sa),  it  will  be  seen  that  at  a  temperature 
of  about  40°  there  is  no  observable  condensation;  in  other  wOTds,  the 
steam  passes  through  the  tube  like  a  gas,  leaving  the  field  quite  clear. 
At  40°,  therefore,  the  supersaturation  at  which  condensation  begins  to 
take  place  on  the  nuclei  of  dust-free  air  is  just  reached;  below  it,  at  the 
given  pressure,  the  supersaturation  is  in  excess,  and  steam  pressure 
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must  be  relieved  to  reduce  the  excess  before  the  field  clears  again,  in 
greater  measure  as  the  temperature  is  lower,  until  at  9^  steam  issuing 
at  ordinary  pressure  (without  appreciable  pressure  above  one  atmos- 
phere) condenses  spontaneously. 

The  increments  of  supersaturation  below  40^  are  in  fact  considerable. 
Thus,  if  the  saturation  at  40^  be  taken  as  the  standard,  these  excesses 
would  be  roughly  as  shown  in  table  40. 

Tabls  40. — Estimated  supersaturations. 


Temperature. . . 
Supcx^aturation 
Relation 


400 

35** 

30** 

25** 

20*» 

15** 

io*» 

0 

12 

21 

28 

34 

38 

42 

I 

1.3 

1.7 

2.2 

2.9 

3.9 

5.5 

icr*g/cm*. 


These  values  are  to  be  added  to  whatever  supersaturation  preexists 
at  40^,  seeing  that  the  escaping  steam  is  always  suddenly  cooled  down 
from  a  temperature  much  above  100^.  In  fact,  the  following  data 
(table  41)  may  be  adduced  from  the  diagram,  if  t^  be  the  temperattu'e  of 
the  steam  before,  t^  the  temperature  after,  Pi  and  f>,  the  densities  of 
the  steam. 

Tabus  41 . — Estimated  supersaturations. 


^ 

Pi 

<. 

Pi 

5 -/»,//»,.. 


40^ 

35^ 

30^ 

25^ 

20« 

15** 

10^ 

50.9 

39.3 

30.1 

22.8 

17.2 

12.8 

9-3 

II2*» 

112*' 

112*' 

II2*» 

III** 

109"* 

105** 

894 

894 

894 

894 

865 

811 

715 

17.6 

22.7 

29.8 

39.2 

50.3 

63.3 

77 

iQ-'g/cm' 
ior*g/cm* 


Nothing  more  than  exhibition  of  the  order  of  values  is  intended; 
but  it  will  readily  be  seen  that  in  comparison  with  Wilson's  data  (5  a  4.3 
for  rain-like,  5  =  7.6  for  cloud-like  condensation,  and  5  =  9.9  '^^  ^^^ 
sensitive  tint),  the  supersaturations  here  are  enormous,  and  that  the 
condensations  must  take  place  on  something  approaching  the  molecular 
groups  of  the  system,  water — steam — air. 

It  is  therefore  scarcely  necessary  to  remark  that  the  data  are  superior 
limits,  particularly  inasmuch  as  the  influx  temperature  at  C7,  fig.  50,  and 
not  the  efflux  B,  were  taken.  But  as  the  influx  of  air  is  swifter  as  the 
the  steam  pressure  increases,  the  difference  between  these  temperatures 
is  not  large.    The  escaping  steam  is  always  cool  to  the  hand. 

It  follows  that  the  color  data  bear  at  once  on  the  structure  of  dust-free 
air.  The  occurrence  of  definite  loci  for  r,  y,  g,  b,  v,  the  fact  that  any 
color  can  be  retained  indefinitely,  if  {ccet.  par,)  the  pressure-temperature 
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conditions  are  fixed,  shows  that  groups  of  nuclei  counted  by  millions  per 
cubic  centimeter  must  be  available  for  condensation  long  before  the 
molecular  sizes  are  approached.  It  is  convenient  to  refer  to  the  molec- 
ular aggregates  in  question  by  the  term  "colloidal  nuclei."  They  are 
necessarily  much  smaller  than  ions.  The  ntmiber  of  such  nuclei  increases 
as  the  supersaturation  is  greater  and  the  size  needed  therefore  smaller 
until  condensation  is  actually  spontaneous  on  the  molecules  themselves. 

It  is  in  this  stage  that  one  would  naturally  expect  the  fog  particles  of 
all  sizes  to  produce  a  medium  opaque  to  transmitted  light,  as  is  actually 
the  case  provided  the  fog  particles  are  themselves  large  in  comparison  with 
the  wave-length  of  light.  It  does  not  by  any  means  follow,  however,  that 
the  turbulent  phenomenon  is  complete  at  the  lower  edge  of  the  opaque 
zone.  It  is  much  more  probable,  seeing  how  gradually  the  violet  drops 
into  the  opaque,  as  the  supersaturations  increase  with  increase  of  steam 
pressure  at  a  given  temperature  of  the  inflowing  air,  that  the  number  of 
nuclei  continually  increases.  As  this  goes  on  {i.  ^.,  in  a  vertical  march 
through  the  opaque  zone)  the  time  must  arrive  when  the  fog  particles 
become  small  in  comparison  with  the  wave-length  of  light;  for  although 
the  influx  of  steam  has  increased,  the  air  influx  increases  in  the  same 
proportion.  Under  these  circumstances,  even  though  fog  particles  of 
widely  different  sizes  are  the  rule,  the  Rayleigh  effect  of  scattering  is  to 
be  looked  for. 

In  fact,  the  yellows  of  the  first  order  emerge  from  the  opaque  as  mag- 
nificently saturated  orange-browns  and  thereafter  gradually  become 
yellower.  Deep  crimson  at  the  edge  of  the  opaque  does  not  appear.  To 
prove  that  the  passage  from  blue  to  yellow  through  opaque  is  due  to  an 
increase  of  nucleation,  it  is  merely  necessary  to  add  phosphorus  nuclei, 
when  axial  violet  appears  in  the  steam  tube  at  a  sufficiently  high  tem- 
perature. Without  further  change  the  bluish  tone  at  once  passes  to 
yellow.  Again,  the  intense  oranges  above  the  opaque  may  be  obtained 
at  once  by  introducing  the  fumes  of  the  intensely  nucleating  sulphur 
flame  into  the  steam  tube.  Finally,  the  probability  of  the  Rayleigh  effect 
is  increased  by  the  fact  that  colors  of  smaller  wave-length  than  orange 
and  yellow  never  occur  above  the  opaque  zone. 

66.  Summary. — ^The  present  chapter  has  made  use  of  the  method  of 
testing  the  presence  and  number  of  relatively  large  nuclei  by  the 
depression  produced  in  the  terminal  asymptote  obtained  when  nucleation 
varies  with  the  drop  in  pressure,  or  of  the  diminution  in  aperture  of  the 
terminal  corona  corresponding  in  a  given  apparatus  to  dust-free  non- 
energized  air.    It  was  thus  easily  possible  to  trace  the  growth  in  number 
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of  the  persistent  nuclei  produced  by  relatively  intense  X-radiation  in  the 
lapse  of  time,  showing  results  similar  to  Chapter  I,  sections  14,  15. 

In  the  same  way  the  occurrence  of  water  nuclei  in  the  presence  of 
colloidal  nuclei  or  of  ions  was  clearly  exhibited.  These  are  due  to  the 
evaporation  of  small  fog  particles,  until  the  increase  of  vapor  pressure 
due  to  surface  curvature  is  balanced  by  the  decreased  vapor  pressure  due 
to  some  independent  phenomenon.  Hence  if  the  exhaustions  proceed 
with  a  slightly  opened  filter  cock,  such  nuclei  must  be  present  in  greater 
number  as  the  evaporation  is  faster,  because  increasingly  more  particles 
evaporate  than  subside. 

The  result  in  the  first  place  is  a  necessary  alteration  of  aperture  of 
successive  coronas,  all  other  conditions  remaining  the  same,  since  the 
large  ones  evaporate  more  fog  particles  than  those  of  lower  order  of  size 
(periodicity  of  coronal  diameter).  In  connection  with  this  phenomenon 
it  is  particularly  interesting  to  observe  that  not  only  the  colloidal  nuclei 
but  the  ions  are  available.  Questions  arise  as  to  whether  the  fog  par- 
ticles of  positive  and  of  negative  ions  evaporate  to  like  water  nuclei, 
what  becomes  of  the  charges,  since  it  is  not  clear  that  they  should  be 
dissipated,  what  phenomena  arise  from  the  decreased  mobility  of  the 
loaded  ions,  etc. 

The  means  developed  in  Chapter  II  were  again  applied  to  an  effect 
produced  (distance  effect),  when  the  radiating  source  is  removed  more 
and  more  from  the  fog  chamber.  The  results  are  necessarily  crude;  but 
they  show  that  in  case  of  pervious  wood  fog  chambers  the  nucleations 
decrease  more  slowly  than  the  first  power  of  distance;  they  decrease 
faster  for  the  glass  fog  chamber;  faster  still  when  the  X-ray  bulb  is 
inclosed  in  a  windowed  lead  case;  fastest  when  the  window  is  closed 
with  a  thin  tin  plate;  but  in  no  case  do  they  reach  the  law  of  inverse 
squares.  All  this  points  clearly  to  the  importance  of  secondary  radiation 
in  producing  nuclei.  The  radiation  arises  both  near  the  bulb  and  near 
the  fog  chamber,  as  well  as  in  the  region  between.  The  number  of  nuclei 
produced  is  therefore  dependent  upon  an  integral  extended  over  the 
whole  interior  surface  of  the  room  and  throughout  the  intervening  air. 

In  case  of  exposure  to  weak  radium  (10  mg.  1 0,000  X)  the  asymptote 
of  dust-free  air  is  not  reached  until  the  intervening  distance  is  above  150 
cm.;  and  it  is  far  from  appearing  after  1.5  cm.  of  lead  have  been  pene- 
trated. 

The  occurrence  of  minima  of  nucleation,  when  such  weak  radium  is 
carried  from  a  long  distance  quite  up  to  the  fog  chamber,  is  again  strik- 
ingly brought  out,  provided  the  drop  of  pressure  is  sufficiently  above  the 
fog  limit  of  dust-free  air.    It  is  also  observed  when  the  ions  are  produced 
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in  the  fog  chamber  by  radium  and  decay  in  the  lapse  of  time  after  the 
radium  is  suddenly  removed.  The  decay  curves  all  show  minima  for  a 
drop  of  pressure  above  the  fog  limits  of  dust-free  air;  while  the  curve  is 
normal  for  pressure  differences  below  the  fog  limit. 

If  the  coefficient  of  decay  for  the  ions  within  the  fog  chamber  is  the 
same  as  that  found  by  purely  electrical  investigations,  and  if  the  relative 
numbers  of  nuclei  corresponding  in  a  given  apparatus  and  given  con- 
ditions of  exhaustions  are  known,  then  a  new  method  for  the  standard- 
ization of  coronas  in  terms  of  the  number  of  nuclei  involved  in  their 
appearance,  is  suggested;  for 

nt  =  (nt/n-i)  bt 

if  no  and  n  are  two  successive  nucleations  observed  under  like  conditions 
at  t  seconds  apart  and  if  b  is  the  known  coefficient  of  decay.  Conversely, 
if  no  is  given  this  method  lends  itself  for  the  determination  of  nucleation 
ratios  no/n,  and  for  the  experimental  determination  of  the  distribution 
of  a  given  mass  of  precipitated  water  on  groups  of  nuclei  different  in 
average  size — one  of  the  important  of  the  outstanding  problems. 

Finally,  it  was  shown  that  data  bearing  on  the  graded  character  of  the 
colloidal  nuclei  of  dust-free  air  may  be  obtained  most  directly  and 
throughout  the  widest  range  from  the  behavior  of  the  inclosed  steam 
jet.  If  {c(Bt.  par,)  the  steam  pressure  is  intensified  until  the  originally 
clear  field  (air  dust  being  practically  inactive),  after  passing  a  succession 
of  colors,  becomes  clear  again  in  consequence  of  absence  of  all  con- 
densation, it  follows  that  colloidal  nuclei  in  vast  ntmibers  and  of  contin- 
ually decreasing  size  must  successively  become  available  for  condensation 
until  the  fog  particles  are  too  small  to  be  optically  discernible.  Each 
particular  color  corresponds  to  a  group  of  colloidal  nuclei  characterized 
by  their  minimum  size.  It  is  still  to  be  determined,  however,  whether 
these  nuclei  belong  to  the  system  of  saturated  vapor,  or  to  the  air,  or  to 
both. 


CHAPTER  IV. 

DISTRIBUTKDN  OF  COLLOIDAL  NUCLEI  AND  OF  IONS  IN   MEDIA  OTHER 

THAN  AIR-WATCR. 

COLLOIDAL  NUCLEI  AND  IONS  IN  WET  DUST-FREE  CARBON  DIOXIDE 

AND  IN  WET  COAL  GAS. 

67.  Apparatus. — ^The  following  experiments  were  made  with  the 
apparatus  used  in  my  last  experiments*  with  dust-free  air.  The  con- 
veyance tubes  between  the  exhaustion  chamber  (5  feet  long  and  i  foot 
in  diameter)  and  the  condensation  chamber  (18  inches  long  and  5  inches 
in  diameter)  were  about  18  inches  long  and  2  inches  in  diameter.  The 
rapid  exhaustion  thus  secured  is  effective,  but  has  by  no  means  reached 
a  Umit;  there  is  still  too  much  resistance  in  the  connecting  pipes.  The 
data  obtained  with  such  an  apparatus  are  comparable  with  each  other, 
and  nothing  ftirther  than  this  is  aimed  at,  since  in  view  of  the  very  high 
exhaustions  needed,  the  constants  for  the  computations  of  the  absolute 
nucleations  would  in  any  case  be  lacking.  It  is  a  matter  of  convenience, 
however,  to  compute  the  data  at  the  high  exhaustion  as  if  the  conditions 
met  with  at  the  low  exhaustion  were  indefinitely  applicable,  and  this  is 
the  meaning  to  be  given  to  n,  the  number  of  nuclei  per  cubic  centimeter, 
in  the  present  paper.  Moreover,  n  refers  to  the  nucleation  left  in  the 
exhausted  fog  chamber,  supposing  that  the  nuclei  are  restored  to  the  gas 
faster  than  they  can  be  withdrawn  by  exhaustion  or  that  the  nucleation 
encountered  is  fixed  for  any  definite  environment.  Otherwise  n  (to  be 
multiplied  by  the  volume  expansion)  would  be  very  much  larger. 

The  carbon  dioxide  used  was  generated  from  calc  spar  and  hydro- 
chloric acid.  The  gas  was  eventually  passed  through  a  solution  of  sodic 
hydrocarbonate,  a  long  tube  of  dry  bicarbonate  of  soda,  a  solution  of 
silver  nitrate,  and  a  calcium  chloride  drying  tube.  Then  it  entered  a 
filter  (2  feet  long),  from  which  it  was  conveyed  very  slowly  into  the  fog 
chamber.    Coal  gas  taken  from  a  gas  pipe  was  treated  in  the  same  way. 

68.  Data  for  carbon  dioxide. — In  table  42,  dp  shows  the  drop  of  pres- 
sure on  exhaustion,  5/30  (approximately)  the  angular  diameters  of  the 
coronas  when  the  eye  is  at  30  cm.  in  front  and  the  source  of  light  250 
cm.  behind  the  fog  chamber.  The  meaning  of  the  other  data  is  obvious, 
n  being  the  nucleation. 

♦Phys.  Review,  xxm,  pp.  31-36,  1906. 
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Tablb  42. — Condeoaatioiis  in  CO,  generated  fiom  CaCo^  with  HCl.    Gas 

washed  as  specified. 


dp. 


s. 


Corona. 


nxicr*. 


I.  Washed  in  water,  twice. 


310 

(0 

31.0 

10.7 

31  0 

7.8 

31  0 

6.4 

31.0 

5.3 

310 

2.7 

31.0 

2.4 

31  0 

2.0 

19. 1 

2.1 

16.9 

2.1 

gyo 

wrg 

wyg 

wrg 
cor 
cor 
cor 
cor 
cor 
cor 


410 
260 
140 
100 
60 
8 

5 
2.9 

2.4 
2.2 


II.  Washed  in  solution  of  NaHCO, 
and  AgNO,. 


31.0 
31.0 
31.0 

31  o 
31  o 

31  o 
3«o 


(0 
10.7 


7 

3 

2 

»8 
'II 


9 

3 

4 
4 
4 


gyo 

wog 

g|B? 

cor 

cor 

wrg 

wybg 


410 

305 
150 
14.0 
5.0 
230 
380 


III.  Same,  with  long  tube  of 
NaHCO,. 


31.0 

(0 

31.0 

II. 2 

31.0 

7.5 

31.0 

4-3 

310 

4.4 

gyo 

wog 
wBP 

cor 

cor 


410 

305 

150 

32 

33 


IV.  Same,  after  3  hours. 


3< 

.0 

"44 

17 

.6 

I  ? 

17 

.  I 

0? 

17 

.7 

1-2 

19 

4 

I  ? 

21 

.2 

1-2 

24 

.7 

1-2 

28 

.0 

1.2 

31 

.0 

2.0 

31 

.0 

*9.6 

cor 
cor 
cor 
cor 
cor 
cor 
cor 
cor 
cor 
wrg 


33 
I 

I 

I 

?i 

1.5 

1.5 

1.5 

2.9 
240 


dp. 


s. 


Corona. 


n  X IO-*. 


V.  AirbubbUngthroughHCl,CO,off. 


3« 


12.0 
12.0 


wybg 
wybg 

•gyo 


305 
360 
410 


VI.  Experiments  with  CO,  repeated, 


31 

0 

31 

II. 0 

31 

6.4 

31 

^'^ 

31 

4.0 

31 

•4.2 

31 

2.1 

31 

2.0 

35.1 

lO.O 

40.3 

•  •  • 

31.4 

1.8 

32.4 

3» 

33.5 

6.7 

34.7 

9.8 

gyo 

wobg 

wrg 

cor 


cor 

cor 

wog 


cor 

cor 
g'BP 
wrog 


410 

305 
100 

29 

24 

29 

3-3 

2.9 

320 

500 

2.4 
12.9 

140 

270 


VII.  Same. 


35.0 
36.8 

38.0 
44  o 


yog 

glp 
BgBP 


400 
490 
500 
550 


VIII.  Gas  ionized.    X-ray  bulb  at 
Z7i-20ocm. 


41.7 

7.3 

35.9 

7-3 

28.8 

7.3 

27.3 

7.3 

25.8 

7.3 

24.8 

3.8 

23.3 

2.5 

21.7 

I.I 

24.2 

4.2 

26.0 

6.8 

25.5 

5.6 

wy'g 

wog 
wog 
wog 
wog 

cor 

cor 
Just 

cor 
wrg 

cor 


155 
146 

130 

125 
120 

20 

5.0 

1.2 

25 

105 

62 


*  •  ffiven  for  successive  coronas  beginning 

wiUiair. 
'COsoff;   air  inflowing. 

*  Not  yet  air-free. 

*  Exposure  to  X-rays. 

•No  trace  of  HQ  gas  escapes  through  the 
cleaning  tram. 


*•  given  for  suocessiye  coronas, 

mng  with  air. 
'  After  I  hour. 
•  After  s  hours;  other  data 
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In  parts  I  to  III  in  the  table  the  exhaustion  (dp)  is  usually  kept  con- 
stant, with  the  object  of  observing  the  behavior  of  the  mixture  of  gases, 
beginning  with  air  and  terminating  with  CO,.  In  part  I  about  8  exhaus- 
tions lead  to  the  steady  behavior  of  the  latter  gas.  Inasmuch  as  the  orig- 
inal air  is  still  present  to  the  extent  of  about  i  per  cent,  an  admixture  of 
this  amount  may  be  regarded  as  inappreciable.  In  the  second  part  of 
the  table,  even  four  exhaustions,  reducing  the  air  content  to  about  1 1 
per  cent,  nevertheless  bring  out  the  behavior  of  CO,.  The  same  things 
happen  less  certainly  in  part  III.  In  part  II,  however,  on  readmitting 
air,  two  exhaustions  nearly  suffice  to  restore  the  air  corona.  Parts  III 
and  IV  show  that  coronas  for  a  given  mixture  are  reproduced  after 
several  hours. 

The  relatively  small  coronas  obtained  with  CO,  as  compared  with  air 
for  the  same  drop  in  pressure  and  in  the  same  apparatus  gave  rise  to  a 
suspicion  that  water  nuclei  associated  with  HCl  gas  might  be  involved. 
In  part  V,  therefore,  atmospheric  air  was  bubbled  through  HCl  and  the 
gas  then  passed  through  the  same  drying  train.  After  three  exhaustions 
exceptionally  high  air  coronas  were  obtained,  showing  that  the  method 
of  producing  the  gas  is  of  no  consequence,  thorough  washing  presupposed. 

Hence,  in  parts  VI  and  VII  of  the  table,  the  experiments  with  non- 
energized  COj  were  concluded. 

In  part  VIII  of  the  table  the  gas  is  ionized  by  the  X-rays  with  the  bulb 
at  a  distance  of  200  cm.  The  usual  constancy  of  corona  at  high  exhaus- 
tions is  observed,  while  the  fog  limit  is  exceptionally  high. 

69.  The  behavior  of  carbon  dioxide. — The  graphs  corresponding  to 
table  42  are  given  in  fig.  53,  in  connection  with  the  corresponding  data 
for  air,  both  for  the  non-energized  and  energized  states.  It  will  be  seen 
that  in  both  cases  the  curves  are  essentially  similar  in  their  contours,  but 
that  the  CO,  curves  require  much  higher  exhaustion  throughout  than  the 
air  curves.  In  other  words,  the  same  coronas  occur  in  CO,  as  in  air, 
provided  that  in  the  former  gas  all  the  pressure  differences  are  chosen 
to  about  5  to  5^  cm.  higher  than  in  the  case  of  air.  Similar  relations 
hold  for  the  fog  limits,  as  was  found  directly  by  Wilson*  in  a  different 
apparatus. 

The  peculiar  feature  of  these  results  is  the  degree  of  parallelism  of  the 
CO,  and  air  lines,  both  for  the  non-energized  and  to  a  somewhat  smaller 
extent  for  the  energized  state.  Clearly  the  phenomena  in  both  cases  are 
alike  in  character,  though  lying  far  apart  on  the  chart. 

70.  Cause  of  differences. — In  view  of  the  more  coercible  character  of 
CO,  one  would  naturally  expect  larger  colloidal  nuclei  than  in  the  case 

♦C.  T.  R.  Wilson:  Phil.  Trans.  Royal  Soc.,  vol.  189,  p.  288,  etc.,  1897. 
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of  air,  and  it  was  with  this  anticipation  that  the  data  were  investigated. 
Taken  at  their  full  value,  however,  they  would  point  to  a  conclusion 
exactly  the  reverse  of  this.  The  colloidal  nuclei  in  COjare  apparently 
smaller  than  in  the  air,  and  the  same  is  true  [ctEt.  par.)  for  the  ions. 

Unfortunately  the  precise  meaning  of  these  results  is  not  clear,  for  in 
the  first  place  the  amount  of  adiabatic  cooling  may  be  written 

IogT,/r='{y-i)/y.  log  p,/p 
and  thus  between  two  fixed  pressures 


log- 


y-i 


The  value  of  this  fraction  is  for  air,  0.39;  forCOj.o.ia;  for  coal  gas,  0.19. 
In  other  words,  the  amount  of  cooling  is  less  in  COj  than  in  air  under  like 
conditions,  and  hence  the  reduced  efficiency  of  the  fog  chamber  in  the 
former  case  is  qualitatively  compatible  with  the  thermal  properties  of 
CO,  gas.  Quantitatively,  however,  this  compensation  does  not  seem  to 
be  sufficient.  For  instance,  the  same  corona  is  obtained  in  air  and  COj 
when  the  pressure  difference  is  a8  cm.  and  33.5  cm.,  respectively.    For 
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like  nuclei  this  wotild  imply  the  same  degree  of  supersaturation.  Hence, 
if  pi  and  />,  be  the  vapor  pressures  of  water  before  (acP  C.)  and  after 
exhaustion,  and  />  =  76  and  p-8p  he  the  corresponding  pressures,  the 
occurrence  of  like  supersaturation  implies  that 

Pi  /Pz_p2Z^\y  ^ Pi  /P-Pi-ip'sy' 

Pi^     P'Pi    ^      Pi^      P-Pi      ^ 
where  />*  and  y  refer  to  CO,  and  where  y  is  the  heat  ratio  for  air.    Hence 

y  ^  log  (i  - (9p'+Pi)/p)  -log  (i  -PJP) 

/"  log  (i  -  {dp  +pi)/p)  -log  (i  -pt/py 

where  the  value  for  J=»i.io  as  derived  for  direct  experiment. 

To  compute  the  value  of  the  same  ratio  from  the  coronal  experiment 
it  is  necessary  to  know  />,  the  vapor  pressure  on  exhaustion  and  before 
condensation  ensues.  This  datum  is  unavailable,  but  it  must  be  greater 
than  o  and  less  than  would  correspond  to  the  decidedly  lower  exhaustion 
dp^iy  (for  instance)  than  the  one  applied  (8p  =»2S).    Hence  limits  of 

the  value  of  ~  may  be  computed  by  inserting  />,«o  and  />,=o.a  respect" 
ively.    The  results  are  ^  =  i  .28,  both  for  the  superior  and  inferior  limits, 

as  would  be  otherwise  evident. 

One  may  summarize  these  results  as  follows:  Either  the  heat  ratio  of 
carbonic  acid,  y',  decreases  in  comparison  with  that  of  air,  y,  very  rapidly 

as  temperatiu'e  decreases,  so  that  an  average  value  of  £)  =  1.3  instead 

of  ^=» I.I  is  to  be  used  in  the  preceding  experiments;  or  the  colloidal 

nuclei  in  wet  CO,,  though  distributed  in  a  way  closely  recalling  the  case 
of  air,  are  throughout  smaller. 

71.  Nudeation  increases  subject  to  a  uniform  law  of  equilibrium. — The 

most  interesting  feature  of  the  data  for  CO,  is  their  repetition  (under 
higher  exhaustion)  of  the  behavior  of  air.  In  other  words,  the  two  curves 
are  closely  parallel  throughout  their  extent.  This  seems  to  imply  that 
both  are  primarily  dependent,  not  on  supersaturation  or  cooling  or  on 
volume  expansion,  but  on  a  common  law  of  distribution  of  number  with 
size  of  aggregates,  such  as  is  given  by  the  theory  of  dissociation.  In 
other  words,  a  given  drop  of  pressure  of  sufficient  rapidity  and  from  a 
specific  initial  value  in  each  case  generates  the  same  ntunber  of  colloidal 
nuclei,  though  it  does  not  follow  that  the  apparatus  in  all  cases  can 
entrap  them.  This  is  even  true  in  different  apparatus  of  different  degrees 
of  efficiency,  as  shown  elsewhere. 


no 
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One  might  perhaps  suppose  that  cohesion  of  molecules  is  more  frequent 
when  collisions  are  less  frequent  or  that  effectively  more  large  particles 
reside  in  the  exhausted  gas.  There  are  other  cases  given  below  which 
seem  to  suggest  this  peculiar  inference. 

72.  Data  for  coal  gas. — ^These  are  given  in  table  43  in  the  same  way  as 
in  table  42,  both  for  the  non-energized  and  for  the  energized  gas  when 
the  X-ray  bulb  is  at  a  distance  of  200  cm.  from  the  fog  chamber.  The 
measurements  were  much  less  satisfactory  than  the  above,  the  corona 
being  thin  and  blurred.  This  may  perhaps  be  due  to  the  fact  that  mixed 
gases  are  under  examination. 

Table  43. — Distributions  of  nuclei  in  coal  gas,  washed  in  water  and  AgNQg. 


*^ 

s. 

Corona. 

nXioH. 

ip. 

s. 

Corona. 

n  X  ID-'. 

Coal  gas 

31  0 

5.1 

cor 

55 

Coal  gas 

17.6 

.0 

•  •  • 

.0 

31.0 

5.1 

cor 

55 

19.9 

1.7 

cor 

1.7 

31.0 
3«-o 

5.6 
4.3 

cor 
cor 

70 
30 

33.4 

35.5 
40.0 

6.7 
7.8 

8.9 

wP(?) 

115 
160 

250 

X-ray 

s.    Z7- 

>  200  cm. 

44.1 

9.2 

wy' 

450 

Coal  gas 

40.1 

6.6 

wog 

121 

42.1 

10.2 

wy 

450 

37-8 

6.6 

wog 

120 

Same. 

39-2 

•   •   • 

yobg 

340 

35-7 

6.6 

wog 

"5 

38.6 

9.6 

wbr 

250 

32.0 

6.2 

wrg 

90 

35-8 

7.7 

W  P 

200 

30.2 

5-3 

cor 

60 

32.0 

5.3 

cor 

60 

28.6 

4-7 

cor 

40 

27.3 

3.1 

cor 

10 

27.1 

*5.2 

cor 

50 

25.8 

3.0 

cor 

9 

257 

4.6 

cor 

35 

24.5 

3.6 

cor 

16 

24- 3 

3-4 

cor 

13 

23.2 

2.2 

cor 

3 

22.9 

2.3 

cor 

3-5 

19.4 

1.9 

cor 

2 

21.7 

1.5 

cor 

1-7 

18.4 

1-3 

cor 

I 

20.6 

*2.3 

cor 

3.1 

15.7 

.0 

•  •  • 

0 

19.4 

.0 

cor 

.0 

^  Fluctuation  of  •  not  infinequent. 


73.  Character  of  the  early  results  for  coal  gas. — As  in  case  of  CO,,  the 
data  for  coal  gas  throughout  lie  in  a  region  of  relatively  low  pressure; 
i.  e,,  large  drops  in  pressure  are  needed  to  produce  the  coronas.  Fog 
limits  are  correspondingly  high.  This  will  again  be  qualitatively  in  keep- 
ing with  the  low  heat  ratio  y. 

Apart  from  this,  these  first  results  with  the  hydrocarbon  gas  differ 
thoroughly  from  the  character  of  the  results  for  air  and  CO,.  In  the  non- 
energized  gas  the  nucleations  rise  to  the  pressure  difference  at  a  rapidly 
accelerated  rate,  and  this  continues  to  the  highest  value  which  ip  applied 
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and  long  after  the  air  and  CO,  nucleations  have  become  stationary  in  the 
given  apparatus. 

Similarly  for  the  energized  gas  the  increase  of  nucleation  is  very 
gradual  and  the  asymptote  is  scarcely  reached  within  the  interval  dp'^ 
40  cm.  of  the  experiment.  All  this  is  sharply  in  contrast  with  the  rapidity 
with  which  air  and  CO3  approach  their  respective  asymptotes,  as  may  be 
seen  by  inspection  of  the  chart. 

Tabls  44. — Coal  gas  energized  by  X-rays  at  D  - 10  cm.  and  in  absence  of  rays.     Two- 
inch  pipes.     Lead  conveyance  tubes. 
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fiXioH. 

32.9 

0 

Slate  bl. 

•  •  • 

Bulb  removed. 
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21.7 

5.7 
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24.6 
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.0 

20.6 
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5 
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13 

26.0 

1.7 

2.2 

18.2 

2 

.1 
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2.3 

27.9 

3.8 

21.5 

16.9 

.0 

.... 

.0 

30.1 

6.4 

^7 

97 

24.0 

10 

5 

wy  0 

260 

31.2 

7.3 
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22.7 

7 

.8 

g'B 

125 

32.8 

9.5 

wro 

270 

21.5 

5 

4 

wr 

50 

34.8 

10.4 

wy 

400 

37.3 

•  •  • 

?wy' 

410 

*  Cofxmas  too  vague  for  measuremeiit. 

74.  New  data  for  coal  gas. — In  case  of  the  above  results  the  large 
vacuum  chamber  was  not  quite  filled  with  coal  gas  and  there  may  have 
been  diffusion  from  one  vessel  to  the  other.  Again,  the  rubber  coxmecting- 
tubes  of  the  first  experiment  (though  in  advance  of  the  filter)  were 
replaced  by  lead  connecting-tubes,  as  rubber  is  pervious  to  coal  gas. 
Whether  from  these  causes  or  others,  the  results  came  out  quite  differ- 
ently after  every  part  of  the  apparatus  had  been  filled  with  coal  gas. 
This  is  also  shown  in  fig.  52  and  the  results  themselves  are  inserted  in 
table  44. 

The  new  results  for  coal  gas  now  conform  in  character  with  the  data 
for  media  of  air-water  and  carbon  dioxide-water,  and  for  the  non-ener- 
gized state,  the  coal-gas  line  lies  between  the  curves  for  the  other  two 
media,  as  the  figure  shows.  In  like  manner  the  curve  for  coal  gas  ener- 
gized by  the  X-rays  now  betrays  nothing  abnormal.  In  endeavoring 
to  discover  reasons  for  the  differences  between  the  data  of  table  43  and 
table  44,  the  presence  of  rubber  tubing  in  the  former  case  comes  nearest 
to  suggesting  a  solution.  Carbon  disulphide  emits  nuclei  spontaneously; 
whether  these  may  pass  through  the  filter  has  not  been  tested;  but  it  is 
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conceivable  that  the  action  of  coal  gas  on  vulcanized  rubber  may  in  a 
somewhat  similar  way  to  carbon  disulphide  be  productive  of  nuclei. 

If  these  are  larger  than  colloidal  nuclei,  though  they  may  still  be 
much  smaller  than  ions,  they  would  pass  through  the  filter  and  give  rise 
to  the  very  phenomenon  of  depression  of  asymptote  observed  in  table  43. 

75.  Conclusion. — Neither  from  the  cases  of  CO,  nor  of  coal  gas  does  it 
follow  that  coercible  gases  have  larger  colloidal  nuclei  than  non-coercible 
gases  like  air.  The  apparent  results  are  the  reverse  of  this.  If  the 
increased  diffictdties  of  condensation  in  the  former  are  due  to  smaller 
heat  ratios  (y)  as  compared  with  air,  there  is  no  reason  why  CO,,  where  y 
is  larger,  should  show  greater  condensation  diffictdties  than  coal  gas 
where  y  is  smaller.  The  distributions  of  nuclei  suggest  a  common  law 
of  dissociation  or  chemical  equilibritmi. 


COLLOIDAL  NUCLEI  AND  IONS  IN  DUST-FREE  AIR  SATURATED 

WITH  ALCOHOL  VAPOR. 

76.  Introductoiy. — In  my  report*  on  the  solutional  nucleus  and  else- 
wheref  I  came  to  the  conclusion  that  the  differences  in  promoting  con- 
densation exhibited  by  positive  and  negative  ions  were  more  probably 
to  be  ascribed  to  the  difference  in  chemical  structure  or  composition 
involving  a  difference  of  size  than  to  the  electrical  differences  as  such. 
Experiments  made  in  Wilson's  apparatus  by  Dr.  Donnan|  with  vapors 
of  methyl  and  ethyl  alcohol,  carbon  tetrachloride,  carbon  disulphide, 
benzol,  and  chlorobenzol  show  that  the  supersaturation  needed  to  produce 
condensation  was  not  necessarily  greater  in  ionizing  than  in  non-ionizing 
solvents.  With  similar  apparatus  Dr.  K.  Przibram§  recently  examined 
a  series  of  alcohols  and  other  bodies  ionized  by  the  X-rays,  obtaining 
among  a  variety  of  data  a  noteworthy  result  with  a  direct  bearing  on  the 
question  here  at  issue.  It  appears  that  whereas  in  the  case  of  water 
vapor  the  negative  ions  are  more  efficient  condensation  nuclei  than  the 
positive  ions,  the  reverse  holds  for  the  alcoholic  vapors.  In  cases  of 
methyl,  ethyl,  amyl,  and  heptyl  alcohols  (including  some  other  bodies 
like  chloroform)  the  positive  ions  invariably  require  less  supersaturation 
to  precipitate  condensation  than  the  negative  ions  of  the  same  body. 

Interesting  differences  are  therefore  manifest  in  the  behavior  of 
vapors,  and  it  seemed  desirable  to  test  the  nucleation  of  a  meditmi  of 

*  Structure  of  the  Nucleus.    Smithspnian  Contrib.,  No.  1373,  p.  161,  1903. 

t  Ions  and  Nuclei,  Nature,  Lxix,  p.  103,  1903. 

X  P.  G.  Donnan:  Phil.  Blag.  (6),  m,  pp.  305-310,  1902. 

I  K.  Przibram:  Wien  Sitzungsber.,  cxv,  pt.  na,  pp.  1-6,  1906. 
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ethyl  alcohol  and  air  in  comparison  with  the  nGiedia  of  water-air  and 
water-carbon-dioxide  hitherto  examined.  The  former  behaves  in  fact 
as  if  the  nuclei  were  throughout  larger  than  in  the  latter  cases. 

77.  Apparatus  and  method. — ^The  experiments  were  conducted  with 
an  apparatus  in  which  the  connecting  pipes  between  the  fog  chamber 
(18  inches  long,  5  inches  in  diameter)  and  the  vacuum  chamber  (5  feet 
long,  I  foot  in  diameter)  were  4  inches  in  diameter,  containing  a  4-inch 
counterpoised  plug  stopcock.  The  whole  connecting  system  was  about 
22  inches  long,  one-half  of  it  belonging  to  the  fog  chamber.  Experiments 
made  with  water  vapor,  however,  did  not  show  any  further  marked 
advantage  arising  from  the  use  of  the  large  passage-way  specified,  over 
the  former  apparatus,  in  which  the  corresponding  tube  was  2  inches  in 
diameter.  It  is  therefore  superfluous  to  adduce  for  comparison  the  new 
data  for  water  vapor.  The  general  method  for  work  was  that  frequently 
described  in  connection  with  these  investigations. 

78.  Properties  of  alcohol  fog. — While  the  experiments  of  my  preceding 
paper  with  the  medium  of  water  vapor  and  carbon  dioxide  gas  showed 
unusually  high  values  of  the  exhaustions  needed  to  produce  coronal 
condensation,  the  case  of  alcohol-air  shows  correspondingly  low  values 
of  exhaustion  as  compared  with  those  for  water-air.  The  niunber  of  col- 
loidal nuclei  entrapped  by  alcohol  vapor  are  about  3.5  times  larger  than  is 
the  case  for  water  vapor  under  like  conditions.  Hence  the  coronas  for 
alcohol  are  exceedingly  dense  by  contrast.  They  are  also  much  less  pure 
in  color,  and  particularly  at  high  exhaustions  become  fog-like.  The 
phenomenon  is  coarsened  and  measurement  less  satisfactory. 

As  the  alcohol  fog  particles  are  larger  in  size,  they  subside  more  rapidly 
at  the  same  exhaustion  than  water  particles;  but  the  occurrences  are 
in  the  former  case  far  from  simple.  While  the  corona  (if  not  too  large) 
remains  nearly  the  same  throughout  the  slow  subsidence  of  water  parti- 
cles, the  corona  for  alcohol  particles  decreases  one-half  or  more  in  size 
during  this  period.  In  other  words,  the  alcohol  particles  experience 
very  rapid  growth  during  subsidence,  from  which  it  follows  that  many  of 
them  must  evaporate  to  compensate  in  part  for  the  eight-fold  or  more 
enlargement  in  bulk  of  the  survivors.  The  same  fact  may  account  for 
the  blurred  coronas;  for  the  true  initial  corona  being  very  evanescent 
is  probably  not  seen.  Conformably  with  this  view  it  is  impossible  to 
exceed  large  white-reddish  forms  in  the  present  apparatus  and  to  reach 
the  high  greens  observed  with  water  vapor. 

79.  Number  of  particles. — In  order  to  determine  the  number  of  particles 
corresponding  to  a  given  corona,  it  is  first  necessary  to  compute  the 
amount  of  alcohol  precipitated  per  cubic  centimeter  of  the  exhausted 
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vessel  by  the  sudden  cooling  incident  upon  exhaustion.  This  may  be 
done  by  a  straightforward  approximation*  with  results  shown  in  the 
following  table,  45,  where  ti  is  the  initial  temperature  of  the  saturated  air 
within  the  fog  chamber,  t^  the  temperature  after  sudden  exhaustion  and 
before  condensation,  and  t  the  temperature  after  the  precipitation  of  the 
m  grams  of  alcoholic  fog  per  cubic  centimeter.  The  drop  in  pressure  is 
8p  from  p  =  y6  cm.  at  20^  C.  The  data  of  the  last  column  will  be  presently 
explained. 

Table  45. — Precipitation  of  alcohol  vapor  at  different  exhaustions  (dp),  super- 
saturations  (5),  and  radius  (r),  of  nudeL 
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<.. 

tr 

/. 

mXio*. 

S^pr/P^. 

r  X  ^o^ 

cm. 
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0 

0 
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cm. 

10 

20 

+  3-2 

+  14.8 
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2.42 

1.44 

20 

20 

-15.3 

+  10.2 

18.3 

6.21 

.75 

30 

20 

-36.1 

+   3.2 

22.8 

21.4 

.48 

T 

hese  may 

be  compared  with  the  case  of  water  vapor. 

8.5 

20 

+  5-8 

+  14.7 

2.6 

2.17 

1.65 

17 

20 

-9.6 

+  8.8 

4.6 

5.68 

•77 

22 

20 

-18.9 

+  4.6 

5.5 

II. I 

.58 

30 

20 

-36.1 

-   3.5 

6.4 

69.7 

.35 

We  may  infer  from  the  table  that  in  a  perfect  apparatus  and  for  true 
pressure  differencesf  water  fog  particles  would  reach  freezing  (0°  C.)  at 
J/>  =  24  cm.  and  alcohol  fog  particles  at  5/>  =  34.5  cm.  Moreover,  for  the 
same  corona  there  must  be  on  the  average  about  3.5  times  more  particles 
in  the  alcoholic  fog  than  in  the  water  fog,  which  accounts  for  the  opaque- 
ness of  the  former. 

For  the  reasons  adduced  it  is  not  worth  while  to  express  the  results 
otherwise  than  in  roimd  numbers,  for  the  data  involved  are  inevitably 
crude.  The  assumption  of  the  law  of  adiabatic  cooling  as  far  as  -  36°  C. 
is  questionable,  in  view  of  the  admixture  of  saturated  vapor;  but  as  the 
densities  of  vapor  are  for  alcohol  about  8  per  cent  that  of  air  and  for 
water  vapor  about  7  per  cent,  this  approximation  in  a  rarefied  atmos- 
phere like  the  use  of  Boyle 's  law  for  a  wet  gas  is  probably  admissible. 
It  is  different,  however,  with  the  latent  heat  of  the  vapor,  which  is 
required  at  the  low  temperatures,  but  is  known  (as  a  rule)  only  at 
temperatures  near  the  boiling-point.     From  this  and  similar  points  of 

♦  C.  T.  R.  Wilson:  Phil.  Trans.,  London,  vol.  189,  1897,  P-  300. 
t  dp  computed  as  ^-^,  in  the  way  shown  in  Chapter  II,  and  not  the  apparent  value 
observed  at  the  fog  chamber. 
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view,  measurements  of  latent  heat  for  the  more  common  vapors  at  very 
low  temperatures  would  be  desirable. 

Finally,  the  point  at  which  the  drop  in  pressure  ceases  to  be  efficient, 
on  account  of  the  increasingly  rapid  inward  radiation  of  heat  from  the 
vessel,  is  the  most  serious  of  the  outstanding  errors.  I  have  endeavored 
to  diminish  it  compatibly  with  the  desideratum  of  a  large  and  easily 
adjusted  fog  chamber  by  successively  increasing  the  bore  of  the  exhaust 
pipes  and  stopcocks;  and  this  plan  has  been  in  the  large  measure  suc- 
cessful. The  extent  to  which  the  error  is  present,  as  the  drop  in  pressure 
increases  more  and  more,  is  nevertheless  left  unanswered.  If  the  upper 
inflection  of  the  distribution  curve  (fig.  56)  is  a  criterion,  i,e,,  the  occur- 
rence of  identical  terminal  coronas  for  successively  increasing  exhaus- 
tions, the  fog  chamber  with  water-air  is  efficient  to  about  dp  =  31  or  32 
cm.,  with  water  and  carbon  dioxide  to  about  9p^3J  cm.,  with  alcohol 
and  air  to  about  dp  =^20  cm.  In  the  former  case  the  vapor  would  be 
cooled  from  20°  to  about  — 10°  C.  even  after  condensation;  in  the  latter 
case  to  about  +10°.  On  general  principles  and  in  view  of  the  low 
temperature  of  the  water,  it  would  seem  probable  that  the  efficiency  of 
the  fog  chamber  must  vanish  gradually.  But  the  appearance  of  the 
curves  is  such  as  if  the  action  were  unimpaired  up  to  a  given  terminal 
drop  in  pressure. 

In  every  case  the  fog  particles  with  the  surrounding  medium  of  vapor 
soon  reach  the  temperature  of  the  air  again,  so  that  additional  moisture 
must  arrive  from  somewhere.  It  is  remarkable  that  the  marked  con- 
stancy of  the  water  coronas  in  perfectly  tight  apparatus  during  this 
period  gives  no  evidence  of  the  evaporation;  while  the  alcohol  coronas 
decrease  one-half  in  aperture  or  the  preponderating  fog  particles  actually 
grow.  Even  if  this  is  compatible  with  the  evaporation  of  the  smaller 
particles,  there  is  again  no  evidence  for  it.  Much  of  the  moisture  must 
therefore  come  from  the  wet  cloth  and  the  water  within  the  vessel,  which 
are  not  cooled  by  the  expansion. 

80.  Size  of  the  nuclei. — Here  it  may  be  worth  while  to  inquire  into  the 
reason  why  the  precipitation  in  alcohol  is  apparently  so  much  easier; 
or,  what  is  the  same  thing,  into  the  estimated  size  of  the  nucleus  on  which 
precipitation  takes  place  in  these  several  cases.  The  Kelvin  equation 
as  modified  by  Helmholtz*  may  be  used  for  this  purpose,  as  was  done  by 
the  latter  and  by  Wilsonf  in  the  form  pjp^==€*'^/^^^  "where  />,  and 
p^  are  the  vapor  pressures  at  the  convex  areas  of  radius  r  and  radius 
infinity,  respectively,  T  the  surface  tension  of  the  liquid  of  density  (5), 
R  the  gas  constant  of  its  vapor  at  the  absolute  temperature  (if), 

'('Helmholtz:  Weid.  Ann.,  xxvn,  p.  524,  1886. 
t^i^lscm:  Phil.  Trans.,  vol.  189,  p.  305,  1897. 
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Since  p,  is  the  adiabatically 
reduced  vapor  pressure  (with- 
out condensation)  in  the  vol- 
ume expansion  due  to  the 
drop  of  pressure  (Sp)  and  p^ 
the  normal  vapor  pressure  at 
the  same  temperature  (t?>= 
'73^+  fi  in  table  i),  r  follows 
from  the  equation.  The 
values  of  ptlp^  and  r  so  found 
are  both  given  in  table  45, 
and  have  been  constructed  in 
the  chart  (fig.  S4)t  where  their 
relation  to  the  usual  order  of 
molecular  size  is  also  indi- 
cated. Clearly  these  values 
of  r,  the  radius  of  the  nuclei 
differing  so  little  from  molec- 
ular radii  (say  io~*),can  only 
indicate  an  order  of  values; 
for  apart  from  the  difficulties 
above  enumerated  in  com- 
puting &,  r  depends  on  sur- 
face tension  (7^,  which  has  no 
meaning  for  molecular  dimen- 
sions. Granting  this,  it  is 
none  the  less  remarkable  that 
the  values  of  r  obtained  should  be  so  nearly  alike  for  water  and  alcohol 
where  different  constants  {T,  R,  s,  etc.)  occur  throughout;  in  other 
words,  that  at  a  given  temperature  a  given  drop  of  pressiire  will  condense 
both  vapors  on  nuclei  of  about  the  same  size. 

In  so  far  as  these  estimates  are  admissible  it  follows  that  the  alcohol- 
air  nucleus  is  larger  than  the  water-air  nucleus,  since  in  the  former  case 
coronal  condensation  begins  at  about  dp^i$  cm.  where  r  =  io~'  cm. 
and  in  water  vapor  it  begins  &t9p  =  a6  cm.  where  r=4  X  io~*  cm.  about, 
less  than  half  as  large.  These  relations  once  established  are  retained 
through  all  successions  of  nuclei,  as  the  following  data  for  alcohol  vapor 
in  comparison  with  water  vapor  show.  It  is  a  little  difficult  to  under- 
stand why  the  ionized  nuclei  in  alcohol  vapor  should,  like  the  colloidal 
nuclei,  be  larger  than  the  corresponding  cases  for  water  vapor,  unless  the 
ions  are  aggregated  vapor  nuclei,  a  point  of  view  tentatively  advanced 
elsewhere;  but  this  larger  alcohol  nucleus  su^ests  that  it  is  phniahly 
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TablB  46. — Colloidal  nuclei  and  ions  in  alcohol  vapor,  energized  or  not;   4-inch  cock. 


a^. 

J. 

Corona. 

nxior*. 

30.8 
28.4 

10 

'wr' 

1,060 

^b  ■           ^  ^»  V^      ■'^       ^^ » J  *                            ^"^           ^*  ^i^r^ip^  ak  •^i^^i^^>w        ■••*•**••■ 

10 

^wr' 

1,005 

26.0 

ID 

^wr' 

950 

23.0 

II 

l^y/ 

1,100 

21. 1 

10 

*wc 

615 

19.1 

7.7 

gBP 

385 

17.3 

4.8 

cor 

108 

16.0 

2.4 

cor 

II 

4.7 

1.5 

cor 

4 

134 

I.I 

cor 

3 

12.3 

(?) 

0 

0 

10.2 

(?) 

s 

0 

19.9 

(?) 

0 

12.7 

0 

w 

0 

16.7 

50 

cor 

115 

18.5 

7.7 

gBP 

380 

20.0 

10.5 

wr' 

680 

II.  Aoril  2d. 

340 
42.0 

ID 

•wr' 

940 
1,040 

4k  ^m  9           ^  ^^B^       ^^^       ^^^^r    •••••••••••••••••••••••• 

10 

'wr' 

38.8 

II 

»wo' 

1,170 

34-2 

II 

>wo' 

1,110 

32.2 

II 

»wo' 

1,080 

29.3 

12 

l^y/ 

1,270 

26.8 

•    •     •     • 

l^y/ 

1,210 

24.0 

•     •    •     • 

l^y/ 

1,120 

21.9 

II 

'wr' 

720 

20.0 

ID 

*wc 

600 

18.3 

8.2 

wy 

340 

16.7 

3-5 

cor 

38 

150 

I.O 

cor 

3 

Later 

14.8 
16.3 

I 

cor 

3 
"5 

■  •••*^»*  •••••••••••••••••••••••••• 

50 

•wr' 

18.3 

7.6 

wy  b 

320 

19  5 

90 

wr' 

585 

21.7 

10.5 

wr' 

720 

22.0 

10.5 

wr' 

740 

Aoril  2  s 

26.0 

12 

wy* 
wy* 
wy* 

1,190 
1,160 

III.  x-rav9  on.     D »  i<  cm 

25.2 
17.7 

*I2 

^b  ^»   ^b  •          mm  ^k      •  ^^  y   •*      ^^  ^k*  •                  •i^^                    •  _j      ^*  •  ^k"    ••••••••••• 

12 

920 

15.1 

II 

wr' 

650 

14. 0 

8.4 

wy  B 

275 

12.9 

2.6 

cor 

13 

II. 5 

•S 

s 

0 

II. 5 

.0 

0 

X-rays  oflF 

II  .0 

•.0 

0 

IV.  X-ravs  on.    D  —  1  <  cm 

12.4 

132 

•.0 

0 

^K      W     •          ^  ^»       •  ^^^  J   ^^      ^^••#                •i^^                     ■  _j     ^»  •^**    •##•••••*«*■ 

51 

cor 

lOI 

14.2 

8.1 

wBP 

275 

15.1 

10. 

wr' 

490 

16. 1 

10.5 

w  r' 

580 

April  26 

36.6 

II 

w  y* 

1,420 

>  Aooompanied  by  dense  fogt.  rapidly  sub- 

•iding,  with  coronas  dwindling. 
*  Small  coronas  probably  due  to  shaking. 
'AH  ffCTtmai  fy^'YunpanitHl  by  dense  fogs. 


^Coronas  decreased  in  sise   during  sub- 

sidence,  mora  than  one-half. 
*Corana8  often  due  to  sdutional  nndei; 

produced  by  shaking. 
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water-air,  at  different  exbaustioas  ifip).    Table  46. 

the  saturated  vapor  which  furnishes  the  colloidal  nuclei  and  that  the 
gas  is  only  secondarily  involved. 


81.  Data  fm-  akohol  vapor. — The  behavior  of  alcohol  vapor  is  shown 
in  the  usual  way  in  table  46,  where  A/>  is  the  sudden  fall  in  pressure  from 
atmospheric  pressure  producing  the  corona  of  the  angular  diameter 
5/30,  when  the  eye  and  the  source  of  light  are  at  distances  40  and  350 
cm.  on  the  opposed  sides  of  the  fog  chamber.  The  nudeation  n  is  com- 
puted in  the  way  given  above,  section  79,  and  indicates  the  number  of 


NUCLEI  IN  ALCOHOL  VAPOR.  II9 

nuclei  in  the  exhausted  fog  chamber.  It  is  assumed,  therefore,  that  the 
nuclei  are  reproduced  more  quickly  than  they  can  be  withdrawn  by  the 
exhaustion.  Measurement  of  5  is  not  very  satisfactory,  as  the  coronas 
are  blurred  and  accompanied  by  dense  fogs  and  changes  rapidly  on 
subsidence.  The  effect  of  X-radiation  is  shown  in  parts  III  and  IV  of 
the  table  leading  to  the  same  terminal  corona  as  for  the  non-energized 
vapor. 

The  results  have  been  given  graphically  in  figs.  55  and  56,  the  former 
referring  to  coronas  (5),  the  latter  to  nuclei  (n),  in  connection  with  earlier 
results  for  media  of  water-air  and  water-carbon  dioxide,  the  same  con- 
densation apparatus  and  method  underlying  all  experiments.  One 
may  notice  at  once  that  in  the  cases  CO^-water  and  air-water,  both  for 
the  non-energized  and  for  the  energized  state,  the  observed  data  would 
be  obtained  by  shifting  the  air-water  diagram  as  a  whole  to  the  right, 
as  if  the  cooling  in  case  of  CO^-water  vapor  were  less  efficient.  The 
graphs  are  of  the  same  kind,  nearly  parallel,  and  all  of  them  (energized 
or  not)  terminate  in  the  same  asymptote  or  large  green-blue-purple 
corona. 

The  alcohol  curves  are  different  from  these  chiefly  in  three  respects:  (i) 
Though  the  graphs  both  for  the  non-energized  and  energized  states  again 
terminate  in  the  same  asymptote,  this  is  not  the  green-blue-purple 
corona,  but  the  white-yellow  corona  which  lies  slightly  below  it;  (2)  the 
curves  as  a  whole  lie  with  a  somewhat  larger  slope  in  a  region  of  much 
lower  exhaustions  (dp);  (3)  the  number  of  nuclei  caught  in  alcohol 
vapor  is  relatively  very  large.  The  second  and  third  observations  have 
already  been  discussed.  The  first  deserves  especial  consideration.  The 
question  occurs  at  once  why  both  the  energized  and  the  non-energized 
curves  should  terminate  in  the  same  final  corona,  irrespective  of  the 
size  of  the  nuclei,  and  why  this  should  be  lower  for  alcohol  than  for 
water.  For  the  ionized  state  one  might  infer  that  the  total  number  of 
ions  has  been  precipitated,  as  is  actually  the  case  for  low  ionization; 
but  if  for  strong  ionization  this  were  true  for  alcohol  vapor  it  could 
not  be  true  for  water  vapor  where  the  number  of  ions  caught  is  less  than 
one-half  the  number  in  alcohol.  In  general,  it  is  improbable  that  the 
terminal  corona  for  ions  should  in  such  a  case  be  the  same  as  the  terminal 
corona  for  colloidal  nuclei. 

The  explanation  which  seems  plausible  to  me  is  this:  Bach  nucleus 
must  drain  the  air  of  its  supersaturated  moisture  within  a  certain  radius, 
large  as  compared  with  the  size  of  the  nucleus  and  increasing  in  the 
lapse  of  time. 

A  limit  of  the  phenomenon  will  be  reached  when  for  an  indefinite 
number  of  graded  nuclei  the  enveloping  spheres  free  from  supersatu- 
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ration  form  a  system  in  contact.  In  case  of  water  vapor  the  distance 
between  centers  would  be  0.014  cm.;  in  case  of  alcohol  o.oio  cm.,  dis- 
tances which  are  both  enormous  as  compared  with  the  estimated  size 
of  nuclei  (r,  table  45,  fig.  54).  The  greater  distance  which  belongs  to 
water  vapor  would  be  in  keeping  with  its  greater  diflfusivity,  though  this 
surmise  does  not  work  out  for  water-carbon  dioxide  as  compared  with 
water-air.  At  all  events,  when  the  limiting  number  of  nuclei  has  been 
captured,  the  apparatus  is  powerless  to  produce  condensation  on  a 
greater  number  of  nuclei,  be  they  relatively  large  as  the  ions  or  small 
as  the  colloidal  nuclei,  however  many  other  inefficient  nuclei  may  be 
present. 

ABSENCE  OF  COLLOIDAL  NUCLEI  IN  STRONG  ODORS. 

82.  Introductory. — ^Throughout  the  course  of  my  work  I  have  been 
endeavoring  to  find  whether  bodies  with  strong  odors  and  presumably 
large  molecules  could  be  regarded  as  a  source  of  colloidal  nuclei;  or 
whether  there  is  any  relation  between  the  colloidal  nucleus  and  the 
odors.  In  case  of  carbon  disulphide,  from  which  nuclei  apparently 
escape  spontaneously,  this  would  seem  to  be  the  case;  but  it  is  yet  to  be 
proved  that  vapor  of  carbon  disulphide,  if  carefully  filtered,  neverthe- 
less still  produces  colloidal  nuclei  in  the  fog  chamber.  In  the  present 
instance  it  is  not  improbable,  if  relatively  few  CS,  molectdes  are  oxidized 
SOs,  that  sulphuric  acid  nuclei  are  the  result.  The  experiment  which 
has  already  been  discussed  is  well  worth  while;  but  I  did  not  make  it, 
in  the  fear  of  contaminating  the  vacuum  chamber.  The  following  experi- 
ments show,  however,  that  even  in  the  extreme  cases  odors  are  due  to 
molecules,  and  that  in  relation  to  the  fog  chamber,  apparently  large  mole- 
cules are  still  quite  negligibly  small  in  comparison  with  the  colloidal 
nuclei. 

83.  Data  for  camphor,  turpentine,  naphthalene. — ^The  results  obtained 
are  given  in  table  47  in  the  usual  way.  The  glass  fog  chamber  was 
provided  with  a  hole  in  the  (thick)  bottom,  about  2  cm.  in  diameter 
and  closed  with  a  rubber  cork.  It  was  free  from  leakage  from  without. 
The  bodies  to  be  examined  were  introduced  through  the  hole  in  question, 
and  suspended  in  the  middle  of  the  fog  chamber  by  aid  of  a  wire-gauze 
tube  20  cm.  long  and  2  cm.  in  diameter.  After  putting  this  tube  in 
place  the  air  was  carefully  cleansed  by  precipitation  of  dust. 

On  May  5,6,  and  7,  after  putting  the  apparatus  together,  the  medium 
within  was  first  examined  without  introducing  the  odoriferous  body. 
The  internal  sources  of  spurious  nucleation  gradually  vanish.     The 
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Tabi^  47. — Miscellaneous  experiments.    Water  nuclei  efifect  of  metal  surfaces,  of  odors, 

etc.    dp^p-  />,.    Four-inch  pipes  and  plug  cock. 


Date,  etc. 


May  5.    Wet  cloth  lining  in  exhaust  tube 

May  6 

May  6 

May  7 

Examination  of  odors  .*' 

May  8.     Air  only 

May  9.     Air,  camphor  in 

May  10.    Camphor 

May  II.     Camphor 

Air  without  camphor 

May  12.     Air 

May    13.     Turpentine 

May  15.     Naphthalene* 


dp. 

s. 

Corona. 

n  X  ID-*. 

30.8 

9.4 

wrg' 

240 

30.6 

*6.5 

cor 

105 

30.8 

10. 0 

wrg' 

260 

30.8 

12.0 

wybg 

380 

30.8 

*II.O 

wrg 

275 

30.8 

II. 0 

wrg 

275 

30- 5 

lO.O 

wpg 

230 

30.6 

II. 0 

wy'g 

380 

30.7 

II 

wrg 

305 

30.6 

II 

wrg 

275 

30.8 

II 

wog 

305 

30.8 

II 

wyg 

380 

30.8 

13 

g'togy 

410 

30.8 

13 

_,   ^ 

455 

30.8 

13 

g'togy 

425 

30.6 

13 

g'togy 

425 

30.6 

12 

yo 

410 

30.7 

(•) 

gyo 

410 

30.6 

13 

VbF 

425 

30.6 

13 

455 

30.8 

13 

gBP 

455 

>  Poreign  nudei  not  ab«ent  in  second  exhaustion. 

*  Hole  drilled  in  bottom  of  glass  fog  chamber,  closed  by  rubber  cork. 
'  Apparatus  blurred. 

*  Enlargement  of  coronas  due  to  second  (smaller)  exhaustions. 

exhaust  pipes  were  cloth-lined  and  the  cloth  kept  wet  to  guard  against 
minor  saturation  error.  On  May  8,  with  the  introduction  of  camphor, 
the  nucleation  apparently  rises  to  a  maximum  (g-b-p.  corona);  but 
the  same  result  is  maintained  after  the  removal  of  the  camphor  and  the 
gauze  (tested  in  many  observations  not  recorded  in  the  tables).  Hence 
the  camphor  nuclei  can  not  be  larger  than  the  colloidal  nuclei  of  air- 
water;  for  the  presence  or  absence  of  camphor  within  a  fog  chamber  is 
inappreciable.  The  same  conclusion  follows  from  the  experiments  with 
turpentine  (where  the  walls  of  the  fog  chamber  were  speedily  blurred 
from  distillation  of  small  quantities  out  of  the  lamp  wick  holding  the 
liqtiid)  and  from  naphthalene.  It  is  fair  to  conclude  that  presumably 
large  molecules  are  nevertheless  bodies  of  an  inferior  order  of  size  rela- 
tive to  the  colloidal  nuclei  of  dust-free  air. 


84.  Summary. — Media  of  coal  gas  and  water  require  higher  exhaustion 
than  media  of  air  and  water,  media  of  carbon  dioxide  and  water  higher 
than  coal  gas  and  water,  to  precipitate  condensation  in  like  degree, 
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other  things  being  equal.  On  the  other  hand,  media  of  alcohol  and  water 
require  smaller  exhaustion  to  precipitate  an  alcohol  fog  in  corresponding 
degree.  The  general  character  of  the  phenomena  in  all  these  several 
cases  are,  however,  the  same.  Their  relation  to  each  other  when  the 
media  are  energized  in  like  manner  by  the  X-rays  is  also  the  same. 
(C/.  fig.  s6.) 

It  does  not  follow,  therefore,  that  wet  coercible  gases  like  carbon 
dioxide  and  coal  gas  contain  larger  colloidal  nuclei  than  wet  air.  The 
apparent  result  would  be  quite  the  reverse  of  this.  Neither  can  the 
difference  be  explained  in  terms  of  the  respective  value  of  the  ratio 
of  specific  heats  (y) ;  for  in  relation  to  condensation,  the  order  is  air,  coal 
gas,  carbon  dioxide;  in  relation  to  y,  air,  carbon  dioxide,  coal  gas.  The 
probable  occurrence  of  large  colloidal  nuclei  in  media  of  alcohol  and  air 
and  relatively  small  colloidal  nuclei  in  water  and  air  seems  to  show  that 
the  colloidal  nuclei  are  primarily  to  be  associated  with  the  saturated 
vapor,  and  that  the  gas  involved  is  of  secondary  importance.  It  can 
not  be  a  question  of  mere  solubility  of  gas  in  the  vapor,  for  this  is 
strongest  in  water  and  carbon  dioxide,  in  which  there  is  no  evidence  of 
large  nuclei.  The  curves  of  distribution  of  ntunber  with  size  are  again 
such  as  to  suggest  a  common  law  of  equilibrium. 

The  presence  of  strong  odors  (camphor,  naphthalene,  turpentine,  etc.) 
in  the  fog  chamber  is  without  an  appreciable  effect.  Hence  the  col- 
loidal nuclei  can  not  be  large  molectdes  merely,  and  colloidal  nuclei  can 
not  be  ascribed  to  chemical  impurities  in  the  gas. 

Continued  slow  exhaustion  seems  to  be  favorable  to  the  growth  of 
fog  particles  and  the  formation  of  rain. 

Both  for  the  energized  and  for  the  non-energized  state,  the  graphs 
for  the  same  media,  though  referring  to  nuclei  of  widely  differing  sizes 
(ions,  colloidal  nuclei),  again  terminate  in  the  same  asymptote,  or  end 
in  the  same  terminal  corona.  This  is  not  identical  for  different  media, 
however,  the  corona  being  of  lower  order  though  denser  for  alcohol 
and  air,  of  higher  order  but  thinner  for  water  and  air,  for  instance.  The 
number  of  nuclei  caught  {c(Bt,  par)  in  alcohol  and  air  is  much  larger  than 
in  water  and  air.  When  the  limiting  number  of  nuclei  has  been  reached 
by  condensation,  the  system  is  powerless  (in  a  given  apparatus)  to  con- 
dense on  a  greater  number  of  nuclei,  be  they  relatively  large  like  the 
ions  or  small  like  the  colloidal  nuclei. 


CHAPTER  V. 

THE   COTEMPORANEOUS   VARIATIONS   OF  THE   NUCLEATION  AND  THE 
IONIZATION  OF  THE  ATMOSPHERE  OF  PROVIDENCE. 

By  Lulu  B.  Josun. 

85.  Introduction. — ^The  results  obtained  by  Professor  Barus,*  showing 
a  characteristic  succession  of  the  values  of  atmospheric  nucleation 
throughout  the  year,  suggested  a  parallel  inquiry  into  the  variations  of 
the  number  of  ions  in  the  atmosphere  in  the  lapse  of  time.  The  present 
work  was  therefore  undertaken  at  his  instigation,  and  observations 
systematically  carried  forward  from  August,  1905,  to  April,  1906. 

In  addition  to  the  main  purpose  in  view,  it  was  hoped  that  a  number 
of  subsidiary  questions  might  be  answerable.  Thus  a  large  part  of  the 
nucleation  of  Providence  is  of  local  origin  and  enters  the  atmosphere 
with  other  products  of  combustion.  Initially  these  nuclei  were  either 
highly  ionized  themselves,  or  at  least  the  atmosphere  originally  received 
an  accession  of  ions  and  nuclei  in  proportional  quantities.  It  is  therefore 
of  interest  to  inquire  whether  any  of  the  ionization  survives,  or  whether 
there  is  any  connection  observable  between  corresponding  changes  of 
the  nucleation  and  the  ionization  of  a  given  place.  The  results,  which 
are  carefully  tabulated  in  the  present  paper,  seem  to  show  that  there  is 
no  such  connection  whatever;  or  that  the  persistent  ionization  arises 
from,  and  is  maintained  by,  causes  which  are  quite  distinct  from  the 
nucleation.  No  evidence  has  been  found  to  suggest  that  the  ionization 
is  either  emitted  or  absorbed  by  the  nucleation,  whence  it  follows  that 
the  ionization  arises  from  causes  wholly  non-local.  Apart  from  these 
main  purposes,  the  data  are  interesting  as  a  continuous  record  of  ion- 
ization (which  will  be  supplemented  in  the  future),  though,  as  yet,  suffi- 
cient time  has  not  elapsed  to  ascertain  whether  the  opposition  in  the 
monthly  positive  and  negative  ionizations  found  in  the  sequel  is  real 
or  incidental.     (C/.  fig.  62.) 

Finally,  I  may  add  that  work  to  investigate  a  possible  relation  between 
the  nucleation  and  the  ionization  of  the  atmosphere  was  undertaken 
in  Helgoland  and  on  the  coast  of  the  Ostsee  by  Prof.  G.  Ludelingf  in  1902 
and  1903,  using  Aitken's  dust-counter.  The  time  during  which  obser- 
vations were  recorded  (August  21  to  September  16,  1902,  June  17  to 
July  4,  1903)  were  insufficient  to  warrant  general  conclusions,  however, 
apart  from  the  interesting  special  investigations  which  Professor  Lade- 

*  Smithsoiiiaii  Contrib.,  xxxnr.  No.  1625,  diap.  ix,  1906;  Carnegie  Institution  pub- 
Ucatkm  No.  40,  January,  1906,  chaps,  iv  and  v. 

fXwo  papers  In  the  Verdffentl.  KfinigUch  Preussiscfaen  Ifeteorologlsdien  Inslittits, 
Berlin,  1904. 
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Pio.  57a. — Dispositioii  of  corona]  appantus  for  measunng  atmosphenc  nudcfttua 
("dust").  V,  vacuum  chamber;  F,  fog  chamber;  G,  goiii<nneter;  g,  gage;  «,  exhaus- 
tion pipe;  t,  supptMt  for  tnmniona.    Influx  pipe  at  left  end  of  fog  duunber. 


Fig.  576. — Disposition  of  apparatus  for  measuring  atmoBpberic  ioolzatioa.    £,Bbe(t'i 
apparatus;  B,  swivekd  brackets  sustaining  the  same;  T,  tbermometera. 

ling's  paper  contains.  Reference  should  also  be  made  to  P.  Langevin's* 
important  discovery  of  slow-moving  ions  in  the  atmosphere  and  to  the 
work  of  M.  Bloch.t  but  comparisons  of  this  nature  are  quite  beyond  the 
scope  of  the  present  straightforward  experimental  research. 

86.  HeaMirementfl  of  nucleatioo. — Number  of  nuclei  in  the  atmosphere 
were  measured  by  aid  of  the  corona  of  cloudy  condensation,  in  the  way 

•  P.  l^angevio:  Bull,  Soc.  Praof.  de  Phys.,  p.  79,  1905- 
tBloch:  "Redwrcbes  sur  la conductitHliti  Oectrique,  etc.,' 
Wilson,  Trans.  Intern.  Congress,  St.  Louia,  voL  I,  p.  365. 
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fully  described  by  Professor  Bams  (loc,  cit,  chap.  8),  and  the  same 
apparatus  (fig.  57  a)  which  had  proved  efficient  in  the  earlier  investi- 
gations was  used  throughout  the  present  experiments.  F  is  the  revolu- 
ble  wood  fog  chamber  with  plate-glass  windows,  V  the  vacuum  chamber, 
i  the  infltix,  e  the  exhaustion  pipe,  g  the  gage,  G  the  goniometer.  Source 
of  light  beyond  F  is  not  shown.  Two  or  more  observations  were  usually 
made  daily,  together  with  the  meteorological  elements  of  wind,  weather, 
and  similar  data.  The  ionizations  referred  to  below,  section  91,  were 
taken  in  the  same  place. 

87.  Data  for  nucleation. — In  table  48  the  first  coltimn  shows  the  day 
and  month,  the  second  the  time  in  hours  and  tenths  of  an  hour.  The 
third  gives  the  current  weather,  F  denoting  fair,  F'  partly  fair,  C'  partly 
cloudy,  C  cloudy,  R  rain,  Sn  snow,  etc.  The  temperature  of  the  fog 
chamber.  (**C.)  and  the  temperature  of  the  atmosphere  (**F.)  follow. 
The  remaining  columns  show  the  data  referring  to  the  coronas,  the 
sixth  giving  the  diameters  (5)  of  the  coronas  at  the  end  of  a  radius 
of  30  cm.  Hence  5/30  is  nearly  their  angular  diameter  when  the 
eye  and  the  source  of  light  are  at  distances  85  cm.  and  250  cm.  oh  oppo- 
site sides  of  the  fog  chamber.  The  seventh  column  indicates  the  colors 
of  the  successive  annuli  of  the  coronas,  reckoned  from  within  outward, 
w  denoting  white,  r  red,  o  orange,  y  yellow,  g  green,  b  blue,  p  piuple,  etc. 
A  vertical  line  ( | )  shows  an  indeterminable  color,  a  prime  (0  an  ap- 
proach to  a  color,  etc.  The  last  column  gives  the  number  of  nuclei  in 
thousands  per  cubic  centimeter,  deduced  from  the  amount  of  water 
precipitated  per  cubic  centimeter,  and  the  sizes  of  particles  in  succes- 
sive coronas,  as  listed  by  Professor  Barus  {loc,  cit.). 

88.  Remarks  on  the  table  of  nucleation. — With  regard  to  the  individ- 
ual  observations  very  little  can  be  adduced  that  has  not  already  ap- 
peared in  the  earlier  work.  Conformably  with  the  mild  winter,  the 
nucleation  as  a  whole  is  relatively  low,  an  unfortunate  occtirrence  in  its 
bearing  on  the  purposes  of  the  present  work;  but  deductions  of  this 
character  will  be  brought  forward  with  advantage  in  connection  with 
the  daily  and  monthly  mean  nucleations  below.  It  is  rather  curious 
that  the  forest  fires  on  Cape  Cod  in  the  early  May  and  the  powder  com- 
bustion on  July  4  produce  so  little  impression;  on  the  other  hand,  the 
cold  weather  in  August  is  at  once  marked  by  large  coronas. 

89.  Mean  daily  nucleation. — ^The  data  of  table  48  have  been  averaged 
for  the  successive  days  in  table  49,  with  other  data  at  once  intelligible. 
The  results,  if  given  graphically  with  the  ctirrent  days  as  abscissas,  the 
corresponding  mean  nucleations  in  thousands  per  cubic "  centimeter 
as  ordinates,  show  no  new  points  of  view.  One  may  note  the  rare 
occurrence  of  the  large  g-b-p  coronas  so  frequently  met  in  the  high 
nucleations  of  the  preceding  winter. 
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Tablb  48. — Showing  the  number  of  nuclei,  n,  per  cub.  cm.,  in  the  atmosphere 
at  the  times  (in  days  and  hours)  stated.  The  temperature  given  in  degrees  P. 
refers  to  the  atmosphere,  the  temperature  in  degrees  C.  to  the  fog  diamber. 


Date. 

Time. 

Weather. 

•x:. 

n?. 

s. 

Corona. 

i»  X IO-*. 

igo5. 

Hours, 

May      4 

9.8 

C 

21 

50 

3.2 

cor 

"3 

12.7 

C 

21 

53 

3.2 

cor 

"3 

6.2 

P 

21 

53 

3.2 

cor 

"3 

5 

9.4 

P 

20 

57 

4-9 

wBP 

41.7 

6.0 

P 

20 

54 

4.6 

cor 

34.8 

6 

9.6 

P 

20 

68 

5.9 

wCg 

68 

12.7 

C 

21 

75 

6.6 

wog 

90 

I.I 

•  • 

•  • 

■  • 

5.8 

wPcor 

64.5 

6.0 

c 

21 

68 

4-9 

wog 

41.7 

7 

9.7 

e 

21 

75 

4.8 

wog 

39.5 

1.5 

c 

21 

84 

4.8 

wog 

39.5 

6.8 

p 

22 

73 

3.8 

cor 

19 

8 

9.0 

p 

21 

60 

6.7 

wog 

92.5 

9-5 

p 

21 

65 

71 

wyg 

100 

3.0 

p 

21 

65 

4.8 

wrg 

39.5 

9 

9.8 
1.4 

R 

p 

20 
21 

61 

65 

4.8 

wBP 

39.5 
41.7 

6.3 

p 

20 

59 

4.6 

wog 

34.8 

10 

9.6 

p 

19 

60 

5.6 

wog 

58.7 

3.3 

p 

19 

68 

4.7 

wog 

37.2 

6.2 

p 

•  • 

66 

4.7 

•  •  • 

37.2 

II 

9-3 

p 

»9 

66 

5.6 

WCg 

58.7 

6.2 

p 

20 

65 

4.5 

wrg 

32.4 

12 

3.2 

c 

20 

68 

3.8 

cor 

19 

6.0 

e 

•   • 

66 

4.7 

•  •  • 

37.2 

13 

9.4 

e 

•  • 

60 

4.6 

•  •  • 

34.8 

2.8 

c 

18 

62 

3.6 

cor 

16.2 

6.3 

c 

•  • 

55 

3.2 

cor 

II. 3 

14 

9.8 

c 

19 

59 

3-3 

cor 

12.5 

1.4 

R 

19 

49 

3.8 

cor 

19 

6.2 

R' 

19 

61 

3.8 

cor 

19 

15 

9.1 

C 

19 

60 

4.5 

wrg 

32.4 

3.8 

e 

19 

67 

3.6 

wrg 

16.2 

6.3 

c 

19 

61 

3.6 

wrg 

16.2 

16 

9-3 

c 

18 

55 

3-5 

wrg 

15 

3-4 

R' 

18 

52 

31 

wrg 

10.2 

17 

9-3 

C 

18 

49 

3-6 

cor 

16.2 

6.0 

c 

17 

49 

3-9 

cor 

20.5 

18 

9  4 

c 

16 

55 

3.7 

cor 

17.5 

2.8 

p 

18 

65 

46 

gBP 

34.8 

5.0 

p 

18 

64 

•  •   • 

•  •  • 

•  •  •  • 

19 

lO.O 

e 

18 

65 

4-5 

wrg 

32.4 

6.0 

c 

18 

66 

4.6 

wrg 

34.8 

20 

10.3 

p 

17 

57 

6.0 

WCg 

70.5 

6.3 

p 

18 

58 

3-9 

cor 

20.5 

21 

9-4 

p 

18 

59 

4.6 

gBP 

34.8 

3.2 

F 

18 

65 

3.5 

cor 

15 

22 

9.« 

F 

17 

64 

4.7 

cor 

37.2 

3.7 

F 

18 

69 

4.6 

cor 

34.8 

23 

9.0 

c 

18 

60 

5-2 

wPcor 

48.2 

6.5 

F 

18 

59 

4.6 

wrg 

34.8 

24 

9.3 

P 

17 

59 

6.1 

wrg 

73-3 

6.7 

P 

17 

60 

4.1 

cor 

24 

25 

9.3 

P 

17 

65 

6.2 

wrg 

76.5 
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Date. 

Time. 

Weather. 

"C. 

"•p. 

■■ 

Corona. 

nxio-". 

'905- 

How*. 

M.y    ,5 

3  3 

F 

18 

69 

4.S 

wBP 

39- S 

j6 

9 

F 

18 

72 

4-8 

wog 

39-3 

6 

F 

19 

69 

4-3 

sS 

l^ 

8 

8 

C 

19 

69 

3.8 

•9 

6 

7 

R' 

67 

3-6 

cor 

t6.» 

2& 

9 

8 

F 

m 

77 

4-3 

wg 

28 

5 

F 

7S 

4-7 

"rg 

37. » 

19 

9 

4 

F 

74 

3-9 

wrg 

w>.5 

30 

9 

4 

C 

63 

3-4 

138 

3 

3 

F 

70 

3-4 

13.8 

3' 

9 

F 

64 

3-2 

cor 

11.3 

June      . 

9 

C 

18 

60 

3-5 

cor 

15 

4 

F 

■  9 

64 

3.5 

>S 

F 

es 

4-7 

37-2 

3 

6 

F 

19 

69 

4-3 

COT 

18 

4 

9 

5 

F 

19 

70 

4.8 

WPCOT 

39-5 

5 

F 

3-7 

cor 

17-5 

5 

9 

3 

F 

73 

3-7 

COT 

"7-5 

6 

9 

9 

R 

63 

1.9 

8.3 

7 

9 

C 

18 

58 

4.6 

CM 

34-8 

8 

9 

R' 

18 

50 

4.1 

COT 

24 

6 

F 

18 

55 

14 

1 

9 

P 

66 

5-4 

54  2 

5 

8 

F 

69 

4,0 

9 

F 

19 

73 

52 

w 

48.2 

,, 

6 

3 

F 
F 

19 

75 

71 

4.0 
39 

cor 

31 

ao.5 

6 

C 

19 

66 

34 

r3.8 

9 

5 

R 

'9 

65 

4-7 

37.3 

5 

5 

R 

'9 

62 

39 

COT 

10.  s 

13 

9 

S 

C 

69 

4-4 

Tg 

30 

M 

9 

6 

F 

73 

4-4 

Tg 

30 

15 

9 

6 

F 

81 

5-7 

wrg 

61.5 

6 

F 

76 

.1-8 

cor 

■  9 

16 

9 

7 

F 

79 

4-6 

COT 

34-8 

.S 

e 

F 

n 

78 

4-3 

18 

9 

5 

F 

73 

.4-' 

25.8 

18 

5 

9 

4 

F 
F 

13 
24 

86 

84 

5-0 
3' 

^ 

43.8 

'9 

8 

F 

bz 

1.8 

7-3 

4 

R 

18 

58 

3-3 

iJ.5 

4 

C 

60 

34 

'3 

F 

82 

30 

COT 

9-3 

»4 

C 

4.8 

wBP 

39-5 

6 

F 

7fi 

4-2 

15-8 

*5 

F 

8i 

3-7 

■7-5 

3t 

5 

F 

'3 

Si 

3  9 

cor 

20.5 

27 

F' 

67 

4-4 

wr 

300 

18 

F 

70 

4,8 

BjbP 

39-5 

6 

F 

7' 

3-9 

M.S 

ig 

.0 

3 

F 

76 

4.8 

wo  car 

395 

6 

6 

F 

77 

3-6 

COT 

16.3 

30 

9 

F 

80 

4.6 

wt 

34-8 

July      I 

6 

F 

76 

4« 

M 

6.0 

F 

73 

4.6 

COT 

34.8 
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Tabls  48. — Continued. 


Date. 

Time. 

Weather. 

*»C. 

n?. 

s. 

nxior*. 

1905. 

Hours, 

July       2 

12.0 

R' 

23 

72 

3.8 

cor 

19 

3 

"3 

C 

22 

77 

3.5 

cor 

«5 

4 

II. 2 

F 

23 

86 

4.7 

wo 

37.2 

6.5 

F 

23 

81 

3.1 

cor 

10.2 

5 

10.8 

F 

23 

73 

3.2 

cor 

II. 3 

6 

9.8 

C 

23 

72 

2.9 

cor 

8.3 

5.5 

F 

23 

72 

3.9 

cor 

20.5 

7 

10.7 

C 

23 

79 

5.9 

wcg 

68 

8 

12.0 

C 

23 

82 

4.6 

wrg 

34.8 

4.0 

F 

•  • 

80 

4.2 

wcg 

25.8 

9 

II. 0 

F 

24 

85 

4.6 

gbp 

34.8 

6.0 

F 

24 

84 

2.4 

cor 

4.6 

II 

10.3 

F 

26 

85 

4.7 

wrg' 

37.2 

4.5 

C 

26 

88 

4.1 

cor 

24 

12 

10.6 

F 

26 

89 

5.4 

wPcor 

54.2 

6.0 

F 

27 

85 

3.7 

cor 

17.5 

13 

II. 0 

C 

26 

88 

4.9 

wBcor 

41.7 

5-7 

F 

•  • 

84 

3.7 

cor 

17.5 

H 

10. 0 

F 

26 

84 

4.7 

gBP 

37.2 

5.5 

F 

27 

83 

4.4 

wr 

30 

15 

10.4 

F 

26 

82 

4.0 

oor 

22 

• .  • . 

F 

26 

•   • 

31 

cor 

10.2 

16 

10.7 

F 

25 

78 

3.8 

wr 

19 

17 

12.5 

R' 

26 

85 

3.5 

cor 

15 

5.3 

R' 

26 

90 

4.1 

wrg 

24 

iS 

10.7 

F 

26 

91 

4.7 

•  •  •  • 

37.2 

19 

10.7 

F 

27 

92 

41 

cor 

24 

6.0 

R 

28 

84 

4» 

cor 

24 

20 

10.5 

F 

27 

86 

4-2 

cor 

25.8 

6.0 

F 

27 

82 

3.3 

cor 

12.5 

21 

10.6 

F 

26 

77 

4-3 

wo 

28 

6.0 

F 

26 

79 

30 

cor 

9.3 

22 

10.5 

F 

25 

80 

5.5 

wcg 

56.2 

6.0 

C 

•  • 

73 

30 

cor 

9.3 

23 

10.3 

R 

25 

65 

2.2 

cor 

3-3 

6.5 

C 

•  • 

67 

1.8 

cor 

1.9 

24 

10.3 

C 

23 

73 

4.0 

cor 

22 

25 

10.2 

C 

23 

77 

4.5 

wo  cor 

32.4 

6.0 

F 

23 

77 

3.7 

cor 

17.5 

27 

10.5 

F 

22 

80 

4-2 

wrg 

25.8 

4.7 

F 

23 

81 

4.6 

wrg 

34.8    . 

29 

9.8 

C 

23 

76 

2.6 

cor 

5.9 

4.6 

R 

24 

73 

3-5 

wrg 

15 

30 

10.6 

R 

•  • 

75 

2.2 

cor 

3-3 

6.0 

R' 

24 

70 

2.4 

cor 

4.6 

31 

10.3 

C 

23 

66 

2.7 

cor 

6.6 

4-3 

C 

23 

67 

2.8 

cor 

7.3 

Aug.      I 

10.4 

R 

22 

63 

3.2 

cor 

"3 

6.0 

R 

21 

65 

32 

cor 

II. 3 

2 

10. 0 

F 

21 

76 

4.6 

wrg 

34.8 

6.0 

C 

22 

75 

3.6 

cor 

16.2 

3 

9.6 

F 

21 

75 

5.6 

wcg 

58.7 

12.7 

F 

21 

81 

5.2 

wPcor 

48.2 

5. J 

F 

•   • 

76 

41 

cor 

24 

4 

9.7 

F 

21 

78 

4.5 

gBP 

32.4 
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TablS  48. — Continued. 


Date. 

Time. 

Weather. 

«C. 

^F. 

s. 

Corona. 

l»  X  IO-*. 

1905. 

Hours. 

Aug.      4 

5.5 

F 

22 

75 

4.3 

cor 

28 

5 

9-7 

C 

23 

77 

3- 

7 

cor 

17.5 

6.0 

F 

23 

73 

3. 

4 

cor 

138 

6 

10.7 

F 

23 

80 

4. 

0 

cor 

22 

6.0 

F 

23 

76 

3- 

2 

cor 

175 

7 

9.4 

F 

23 

82 

4 

6 

wrg 

34-8 

•  •  •   • 

R' 

24 

79 

3- 

9 

■  •  •  • 

20.5 

8 

10. 0 

R' 

24 

77 

4. 

3 

wrg 

28 

6.0 

C 

25 

80 

3- 

9 

•  •  •  t 

20.5 

9 

9.6 

C 

24 

76 

3 

6 

•  •  •  • 

16.2 

6.4 

R 

25 

73 

4. 

3 

wrg 
gBP 

28 

10 

9.6 

F 

24 

81 

4 

6 

34.8 

6.0 

C 

•   • 

79 

4 

6 

wrg 

34-8 

II 

9.8 

Of 

25 

80 

4 

7 

wo  cor 

37.2 

6.0 

F 

27 

80 

3- 

6 

cor 

16.2 

12 

10.5 

Of 

26 

85 

4 

6 

gBP 

34.8 

6.0 

C 

26 

79 

3- 

3 

cor 

12.5 

13 

10.7 

C 

26 

86 

2. 

2 

cor 

3.3 

6.0 

C 

26 

78 

3 

2 

cor 

II. 3 

14 

9.7 

F 

25 

72 

3 

5 

cor 

15 

15 

10.7 

R 

23 

66 

3 

5 

cor 

15 

6.3 

R' 

23 

60 

2. 

3 

cor 

4 

16 

II. 6 

R' 

21 

60 

2 

9 

cor 

8.3 

17 

10.5 
12.5 

F 
F 

20 
20 

70 

74 

6 

4 

5 
9 

wog 
g'Bl> 

86.5 
41.7 

6.5 

F 

20 

66 

3 

.6 

cor 

16.2 

18 

10.4 

F 

20 

70 

4 

4 

wrg 

30 

19 

9.8 

F 

20 

68 

2 

.7 

cor 

6.6 

20 

II. 0 

F 

19 

69 

4 

.0 

cor 

22 

21 

10.5 

F 

20 

77 

4 

.0 

cor 

22 

22 

10.3 

F 

22 

83 

4 

.6 

gBP 

34.8 

6.2 

C 

23 

80 

3 

9 

•  •  •  • 

20.5 

23 

10.4 

F 

22 

82 

3 

.8 

•  •  •  • 

19 

24 

10.7 

F 

23 

85 

4 

.7 

wog 
gBP 

37.2 

6.0 

R 

25 

79 

4 

.6 

34.8 

25 

10.4 

R' 

23 

66 

2 

.8 

cor 

7.3 

6.0 

c 

•  • 

67 

3 

5 

wrg 

15 

26 

10.7 

I 

22 

70 

3 

4 

wrg 

13.8 

6.0 

F 

22 

68 

2 

.5 

cor 

5.2 

27 

10. 1 

R' 

21 

60 

2 

4 

cor 

4.6 

6.5 

C 

21 

59 

2 

.7 

cor 

6.6 

28 

9.8 

F 

19 

65 

4 

.5 

gBP 

32.4 

6.0 

F 

20 

65 

4 

■7 

wrg 

37.2 

29 

10. 0 

F 

20 

72 

3 

.7 

cor 

17.5 

3.0 

F 

20 

75 

3 

.2 

cor 

II. 3 

30 

10.8 

C 

20 

73 

3 

•9 

cor 

20.5 

3.7 

R 

21 

74 

4 

4 

wrg 

30 

3* 

10. 0 

R 

20 

64 

3 

.1 

cor 

10.2 

3.0 

C 

20 

69 

2 

.5 

cor 

5.2 

Sept.     I 

10.6 

C 

20 

69 

4 

.4 

wrg 

30 

3.0 

R 

20 

67 

3 

.7 

cor 

17.5 

2 

9.7 

C 

20 

70 

2 

.6 

cor 

5.9 

1-5 

C 

20 

70 

3 

.5 

wgrp 

15 

4 

10.5 

R 

21 

69 

2 

.5 

cor 

5.2 

1.7 

R' 

21 

72 

2 

.0 

cor 

2.5 

134 


VAPOR   NUCLEI   AND   IONS. 


Tabls  48. — Contiimed. 


Date. 

Time. 

Weather. 

^C. 

n?. 

s. 

Conma. 

n  X  lo-*. 

1905. 

Hours, 

Sept.     7 

10.3 

F 

20 

71 

3.6 

cor 

16.2 

3-3 

C 

20 

71 

3 

7 

oor 

17.5 

8 

10.2 

F 

20 

70 

4 

3 

wrg 

28 

2.5 

F 

20 

74 

3 

.1 

cor 

10.2 

9 

9  7 

F 

20 

74 

4 

.8 

wrg 

39.5 

2.5 

F 

20 

78 

4 

0 

wrg 

22 

II 

9  9 

F 

21 

72 

4 

.2 

cor 

25.8 

2.5 

C 

21 

71 

3 

8 

cor 

19 

12 

10.2 

R 

20 

63 

3 

I 

cor 

10.2 

2.7 

R 

21 

66 

3 

8 

cor 

19 

13 

10.3 

C 

20 

70 

3 

3 

cor 

12.5 

24 

C 

20 

74 

3 

8 

cor 

19 

14 

10.4 

F 

18 

57 

4 

2 

cor 

25.8 

2.5 

F 

18 

62 

4 

5 

ygp 

32.4 

15 

10.4 

F 

15 

62 

5 

0 

wrg 

43.8 

2.5 

F 

17 

64 

3 

8 

cor 

19.0 

16 

10.5 

C 

17 

62 

3 

.6 

cor 

16.2 

2.0 

C 

18 

64 

3 

7 

cor 

175 

18 

10. 0 

C 

18 

68 

3 

6 

cor 

16.2 

3.6 

C 

19 

71 

3 

,8 

cor 

19 

t9 

9.8 

R 

19 

68 

3 

4 

cor 

138 

3.3 

c 

19 

69 

2. 

9 

cor 

8.3 

20 

10.3 

c 

19 

67 

3 

5 

cor 

15 

3-7 

c 

20 

69 

3 

8 

cor 

19 

21 

8.7 

F 

19 

67 

3 

8 

cor 

19 

3-4 

F 

19 

74 

3 

9 

cor 

20.5 

22 

9.8 

F 

19 

70 

4 

7 

ygp 

37.2 

50 

F 

21 

75 

4 

5 

ygp 

32.4 

23 

9.0 

F 

19 

67 

4 

2 

cor 

25.8 

25 

II.O 

F 

18 

61 

4 

4 

cor 

30 

2.7 

F 

18 

62 

3 

9 

cor 

20.5 

26 

Q.O 

F 

'7 

50 

5 

4 

wrg 

54.2 

3.7 

F 

17 

58 

4 

7 

cor 

37-2 

27 

9.0 

F 

16 

52 

5 

I 

wrg 

46 

5-5 

F 

16 

60 

5 

6 

wrg 

58.7 

28 

9-5 

F 

16 

65 

4 

6 

ygp 

34.8 

3-5 

F 

18 

74 

3 

5 

cor 

15 

29 

9.2 

F 

17 

63 

5 

5 

wrg 

56.2 

2.5 

F 

18 

69 

4 

I 

cor 

24.0 

30 

9.0 

F 

18 

63 

4 

4 

ygp 

30 

3-3 

F 

20 

7' 

4 

2 

cor 

25.8 

Oct.       2 

92 

C 

18 

62 

4 

5 

cor 

32.4 

2.7 

C 

18 

65 

3 

8 

cor 

19 

3 

10. 0 

F 

19 

72 

3 

4 

cor 

13-8 

2.8 

F 

19 

75 

3 

.8 

cor 

19 

4 

9.8 

F 

18 

71 

4 

9 

cor 

41.7 

2.9 

F 

10 

76 

4 

3 

cor 

28 

5 

10.5 

F 

19 

76 

4 

9 

ygp 

41 -7 

6 

9-3 

F 

18 

58 

4 

7 

ygp 

37.2 

31 

F 

18 

63 

4 

6 

cor 

34-8 

7 

9  ' 

F 

17 

56 

5 

2 

cor 

48.2 

2.6 

F 

»7 

63 

4 

8 

cor 

39-5 

9 

12. 1 

F 

18 

74 

5 

4 

wrg 

54.2 

4-5 

F 

18 

71 

4 

7 

cor 

37.2 

10 

9.9 

F 

16 

58 

3 

7 

cor 

17.5 
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Tablb  48. — Continued. 


Date. 

Time. 

Weather. 

°C. 

«F.        s 

• 

Corona. 

n  X  io~*. 

1905. 

Hours, 

Oct.     10 

2.5 

F 

17 

64    4. 

4 

wrg 

30 

II 

9.8 

C 

16 

56    4. 

5 

wrg 

32.4 

2.2 

C 

16 

58    4. 

7 

wrg 

37.2 

12 

9.0 

F 

16 

54      4. 

3 

wrg 

28 

2.7 

F 

17 

59       4- 

5 

wrg 

32.4 

13 

II. 0 

F 

16 

56       4. 

7 

ygp 

37.2 

2.6 

C 

16 

58       4. 

8 

ygp 

39.5 

14 

10. 0 

F 

17 

61       4. 

8 

ygp 

39.5 

2.6 

F 

18 

68       5. 

0 

ygp 

43.8 

16 

2.5 

F 

20 

75       4- 

8 

ygp 

39.5 

4.7 

F 

20 

73       5. 

2 

wBcor 

48.2 

17 

10.3 

F 

18 

60       5. 

7 

wrg 

61.5 

2.7 

F 

18 

63       5. 

0 

wrg 

43.8 

18 

9.2 

F 

18 

61       4. 

5 

cor 

32.4 

2.7 

F 

18 

66       4. 

6 

cor 

34.8 

19 

12.0 

C 

19 

75       4- 

2 

cor 

25.8 

3.5 

C 

20 

72       4 

6 

gPcor 

34.8 

20 

II. 6 

R 

19 

60       3. 

7 

cor 

17.5 

2.6 

R 

18 

60       3. 

7 

cor 

t7.5 

23 

12.2 

F 

17 

52       4. 

7 

«s 

37.2 

4-3 

F 

17 

52       4. 

7 

gB 

37.2 

24 

10.2 

F 

16 

54       4- 

7 

cor 

37-2 

2.7 

F 

17 

61       4. 

7 

ygp 

37.2 

25 

12. 1 

F 

17 

55       4- 

7 

wrg 

37-2 

41 

C 

18 

54       4^ 

5 

wB 

32.4 

26 

2.7 

C 

18 

46       4. 

6 

wrg 

34.8 

46 

F 

18 

43       4- 

0 

^«L 

22 

27 

II. 0 

F 

17 

50       5 

4 

gBP 

54.2 

2.8 

F 

18 

53       4. 

8 

ygB 

39.5 

30 

2.7 

F 

18 

52       4 

7 

ygB 

37.2 

4-3 

F 

18 

47       4^ 

6 

wrg 

34.8 

31 

11.5 

C 

18 

54       4. 

8 

wBrg 

39.5 

3-7 

C 

19 

54       4- 

5 

gB^ 

32.4 

Nov.      I 

3.0 

F 

18 

64       4 

8 

39-5 

5.6 

F 

19 

54       4- 

7 

wBrB 

37.2 

3 

3.7 

C 

18 

50       4 

4 

wrg 

30 

5.0 

C 

18 

48       4. 

6 

wrg 

34.8 

4 

10.2 

F 

18 

53       4 

7 

wrg 

37.2 

2.4 

F 

17 

52       4 

.0 

wBrB 

22 

6 

2.7 

R 

17 

51       4 

3 

wrg 

28 

7 

10.5 

F 

18 

48       5 

.7 

wBrB 

61.5 

30 

C 

18 

48       3 

.7 

175 

8 

30 

C 

19 

48       4 

.7 

wBrB 

37.2 

9 

2.6 

C 

19 

45       4 

.8 

wBrB 

39.5 

10 

II. I 

F 

21 

46       5 

3 

gBP 

50.5 

3.2 

C 

20 

45       5 

.0 

wBzB 

43.8 

II 

9.5 

F 

20 

40       6 

.2 

^rg 

76.5 

10.5 

F 

20 

42       6 

.8 

y«L 

95 

12 

2.5 

F 

21 

49       5 

.4 

gBP 

54.2 

13 

3.2 

F 

23 

56       5 

.3 

gBP 

50.5 

14 

10.7 

F 

20 

28       6 

.6 

w^B 

90 

16 

2.5 

C 

20 

51       4 

.9 

41.7 

17 

II. 2 

F 

19 

44       4 

.5 

cor 

32.4 

2.7 

F 

19 

45       4 

.5 

wcg 

32.4 

18 

9.8 

F 

21 

44       4 

.7 

yg 

37.2 

VAPOR   NUCLEI   AND  IONS. 
Tabls  48. — Continued. 


Date. 

Time. 

Weather 

"C. 

"F. 

'■ 

c™=. 

KXio-". 

I903- 

Hours. 

Not.   w 

'■7 

F 

.18 

4.8 

wBrB 

39- 5 

10.6 

P 

20 

46 

6.5 

ys 

86,5 

3-3 

P 

52 

6.0 

wrg 

70.5 

F 

S' 

6.1 

wrg 

733 

4.0 

C 

52 

6.1 

wrg 

7J-3 

3-7 

F 

59 

4-8 

wBrB 

.39-5 

2-5 

F 

63 

4-8 

wBrli 

39  5 

5.3 

F 

55 

4-7 

wBrB 

37-3 

3-5 

F 

18 

45 

4.8 

irBtB 

39-5 

50 

P 

18 

42 

1.6 

wBrB 

34-8 

10.4 

C 

•9 

38 

4-7 

-Bg 

37.2 

3-0 

c 

>9 

37 

4.8 

wBg 

39.5 

Dec.      4 

F 

39 

42 

33-8 

1.7 

F 

37 

4-3 

wBrB 

38 

F 

30 

5-7 

wrg 

61,5 

F 

'9 

36 

5  4 

wBrB 

54-' 

C 

40 

56 

wrg 

58.  7 

3.0 

C 

40 

4.6 

WBg 

34-8 

1-7 

F 

'9 

46 

4.8 

wBk 
wBr% 

39. 5 

F 

fo 

4  9 

4'   7 

J.J 

F 

53 

5-4 

wBrB 

54  2 

10  7 

C 

4' 

3.9 

»,5 

3-0 

C 

34 

5.6 

,"bA 

58.7 

10.7 

C 

18 

4-7 

37. » 

»-7 

P 

30 

35 

5.0 

-SB 

43-8 

F 

44 

6.1 

"'It 

73-3 

.1.5 

F 

45 

5.7 

»eb 

61.5 

3  7 

F 

34 

5-8 

«lp 

64- i 

C 

6-5 

V  z 

86.  J 

iS 

C 

i' 

5.0 

•igP 

43-8 

4.0 

F 

23 

46 

6-7 

gbP 

92.5 

10. 5 

F 

33 

42 

4.7 

wBru 

37-2 

'■5 

C 

23 

46 

4-7 

wBrg 

37-3 

10.6 

F 

33 

45 

52 

gbP 

48.2 

3  9 

F 

23 

47 

4.8 

wBrg 

39.5 

R 

23 

46 

3-t> 

cor 

'9 

3-1 

R' 

23 

53 

4.9 

WgP 

4' -7 

1906. 

Jan.       . 

3-7 

F 

13 

36 

4-6 

wrg 

32-4 

10.7 

3.5 

F 
C 

3' 
36 

5.7 
5.6 

wb!. 

61.5 

S8.7 

II. 7 

F 

3» 

4-7 

gBP 

37-2 

3  4 

C 

34 

i» 

wBrg 

39  S 

R' 

58 

rBP 

43-8 

3-1 

C 

57 

6:t 

wrg 

765 

F 

'3 

43 

6.0 

wrg 

70.5 

1-7 

F 

5-3 

wBrP 

505 

10.6 

C 

38 

5  9 

wrg 

68 

4-3 

F 

37 

5-9 

wrg 

68 

12.5 

C 

19 

37 

4.7 

wBrg 

37-2 

4.5 

Sn 

36 

4-7 

wBrI 

37-2 

F 

6.7 

ys 

92.5 

3-0 

F 

19 

16 

6-5 

yg 

86.5 

4.0 

F 

18 

»5 

6.4 

wrg 

83-5 

F 

>9 

33 

59 

wrg 

68 

5.0 

F 

«9 

3' 

6.4 

wrg 

83.5 

II. 3 

F 

II 

51 

5.9 

wrg 

68 
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Table  48. — Continued. 


Date. 

Time. 

Weather. 

«C. 

«F. 

s. 

Corona. 

n  X  lo"*. 

1906. 

Hours. 

Jan.     12 

4.8 

F 

22 

47 

5.6 

wrg 

58.7 

13 

10.5 

F 

21 

38 

4-5 

cor 

32.4 

3-3 

C 

21 

36 

3.8 

wBrP 

19 

15 

10. 0 

F 

21 

31 

4.9 

wBrP 

41.7 

16 

"5 

R' 

20 

49 

4.8 

TbI 

39  5 

3.5 

R' 

22 

49 

5.5 

56.2 

17 

10. 1 

F 

20 

39 

6.0 

wrg 

70.5 

3.5 

F 

18 

40 

4-7 

wBrB 

37.2 

18 

12.3 

R' 

18 

44 

4-9 

f^J^^r. 

41.7 

4.8 

C 

19 

43 

5.1 

wBrP 

46 

19 

10. 0 

F 

19 

39 

4.6 

wBrg 
wBrP 

34.8 

2.7 

F 

20 

41 

5.8 

64.5 

20 

10.4 

C 

20 

35 

4.8 

gBr 

39.5 

3.2 

R' 

20 

40 

4-9 

gBr 

41.7 

22 

12.5 

C 

23 

53 

4-5 

wBrg 

32.4 

4.0 

F 

22 

51 

4-7 

wBrg 
wBrP 

37-2 

23 

10.3 

F 

22 

63 

50 

43-8 

50 

F 

23 

63 

5.1 

wBrP 

46 

34 

10. 1 

F 

20 

43 

6.5 

y«^ 

86.5 

25 

9.8 

F 

20 

26 

5.3 

wBrP 

50.5 

3-2 

F 

19 

26 

4.5 

wBrP 

32.4 

26 

10. 0 

F 

19 

29 

4.8 

wBrg 

39.5 

3-3 

F 

19 

39 

4-5 

wBrg 

32.4 

27 

10.2 

F 

20 

37 

6.3 

yo 

80.5 

4-4 

F 

20 

46 

4.9 

wBrP 

4».7 

29 

12.0 

F 

20 

29 

6.8 

y£ 

95 

3.7 

F 

20 

33 

4.9 

gPr 

4«-7 

30 

10.5 

F 

20 

41 

6.1 

wBr  B 

73-3 

30 

F 

20 

49 

5.1 

46 

31 

12.3 

F 

21 

52 

4-7 

wBrg 

37-2 

3-3 

F 

21 

49 

4-5 

wBrg 

32.4 

Feb.      1 

12.2 

F 

21 

43 

6.0 

Grg 
wBrP 

70.5 

50 

F 

21 

43 

51 

46 

2 

II. 0 

F 

»9 

20 

6.5 

yG 

86.5 

50 

F 

17 

14 

5.5 

wrbog 

56.2 

3 

10.2 

F 

18 

9 

6.2 

wrg 

76.5 

6.2 

F 

18 

»9 

6.1 

wrg 

73.3 

4 

10. 1 

F 

20 

35 

50 

wPcor 

43.8 

12.5 

F 

20 

39 

5.2 

wPcor 

48.2 

6.3 

F 

21 

37 

4.6 

cor 

34.8 

5 

50 

•  • 

22 

39 

4-7 

cor 

37.2 

6 

9-5 

F 

21 

20 

6.8 

gBP 

95 

"3 

F 

21 

21 

6.4 

wrg 

835 

3-5 

F 

21 

23 

5.2 

cor 

48.2 

7 

10.5 

Sn' 

19 

15 

6.0 

wrg 

70- 5 

12. 1 

Sn' 

18 

18 

6.7 

wobg 

92.5 

3.6 

F 

19 

24 

6.0 

wrg 

70.5 

6.1 

•  • 

19 

22 

5-9 

wrg 

68 

8 

9.5 

F 

20 

19 

5-9 

wrg 

68 

II. 7 

F 

20 

29 

4.8 

gB' 

39  5 

30 

F 

19 

34 

4.8 

wrg 

39-5 

5.6 

F 

19 

31 

5.8 

wrg 

64.5 

9 

II. 2 

R 

21 

38 

4.6 

wrg 

34.8 

4.8 

C 

21 

35 

4.8 

wPcor 

39.5 

10 

9-7 

F 

22 

32 

4.8 

«2S 

39.5 

12.8 

F 

21 

36 

4.8 

gBP 

39.5 

5.2 

F 

22 

35 

4.8 

gBP 

39.5 
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Tabls  48. — Coodniwl. 


Date. 

Time. 

Weather. 

•c. 

•F. 

s. 

Corona. 

IIXIO-*. 

1906. 

Hours. 

Feb.     1 1 

9.8 

F 

22 

22 

6.5 

yobg 

86.5 

12.0 

F 

•  • 

27 

6.0 

wrg 

70.5 

5.0 

F 

22 

28 

4.8 

wrog 

39.5 

12 

9.6 

F 

22 

34 

5.3 

^'« 

50.5 

1-5 

F 

21 

41 

4.8 

cor 

39.5 

3-5 

C 

20 

40 

4-4 

cor 

30 

'3 

12.2 

R 

22 

42 

4.6 

gBP 

34.8 

6.0 

C 

23 

40 

4.6 

cor 

34.8 

»4 

12.3 

C 

23 

47 

3.9 

cor 

20.5 

4.1 

c 

23 

48 

4.2 

cor 

25.8 

15 

I.O 

c 

20 

24 

6.8 

gBP 

95 

5.1 

F 

21 

25 

51 

gBr 

46 

16 

12.3 

F 

20 

26 

6.5 

y». 

86.5 

5.0 

F 

21 

34 

5.4 

wrobg 

54.2 

17 

12.3 

F 

21 

30 

4.7 

wBrg 

37.2 

4.0 

F 

21 

40 

4.8 

gBr 

39.5 

19 

12.3 

F 

22 

44 

5.0 

w^fp 

43.8 

50 

C 

22 

43 

5.6 

58.7 

20 

II. 3 

F 

22 

42 

5.8 

wBrP 

64.5 

4.7 

F 

22 

47 

5.0 

wBrP 

43.8 

21 

5.1 

R 

23 

54 

4.7 

gBP 

37.2 

22 

11. 0 

F 

24 

51 

5.8 

^i« 

64.5 

23 

5.0 

F 

22 

45 

4.7 

wBrg 

37.2 

26 

4.3 

F 

21 

45 

4.9 

wBrg 

41.7 

27 

II. 5 

F 

20 

35 

6.2 

II 

76.5 

50 

F 

19 

33 

4-9 

41-7 

28 

12.2 

F 

18 

21 

6.7 

yg 

92.5 

5.0 

F 

18 

22 

5-9 

wrg 

68 

March   i 

12.5 

F 

17 

27 

6.7 

yg 

92.5 

5.0 

F 

18 

32 

5.7 

wrg 

61.5 

2 

II. 5 

F 

19 

36 

6.4 

yg 

835 

5.7 

F 

20 

40 

5.6 

wrg 

58.7 

3 

10.7 

R' 

21 

36 

4.5 

cor 

32.4 

5 

12.5 

F 

22 

44 

4.8 

wbP 

39.5 

4.7 

F 

22 

45 

4.8 

wgpr 
wbp 

39.5 

6 

II. 7 

F 

21 

36 

5.0 

43.8 

5.0 

F 

21 

38 

5-9 

wrg 

68 

7 

12.5 

C 

20 

43 

51 

whp 

46 

4.0 

C 

20 

43 

5.7 

wrg 

61.5 

8 

12.2 

C 

21 

47 

4.8 

gbr 

39.5 

50 

F 

22 

45 

4.8 

gbr 

39.5 

10 

II. 5 

F 

19 

44 

6.0 

yj^ 

70.5 

3-5 

F 

20 

47 

4.8 

wbrP 

39.5 

12 

1.2 

F 

18 

40 

5.7 

wbrg 

61.5 

4-2 

F 

20 

39 

4.8 

gbr 

39.5 

13 

50 

C 

19 

32 

50 

wbrg 

43.8 

14 

4.0 

F 

20 

33 

5.0 

«^ 

43-8 

15 

1.5 

Sn 

00 

26 

4-7 

wbrg 

-    37.2 

16 

3.2 

F 

00 

40 

5.5 

wbrg 

56.2 

17 

3.7 

F 

22 

33 

5.6 

wbrg 

58.7 

19 

10.7 

C 

2Z 

35 

5.3 

wbrg 

50.5 

20 

3-7 

C 

21 

36 

5.2 

wbrp 

48.2 

22 

3.4 

F 

22 

38 

6.5 

yg 

86.5 

23 

10.8 

F 

22 

24 

6.2 

yg 

76.5 

24 

3-5 

F 

21 

33 

4.8 

gbr 

39.5 

26 

10.8 

C 

22 

36 

4.9 

wbrp 

41.7 
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Table  49. 

— llean  daily  nudeatiofis,  corresponding  to  table  48. 

Date. 

IIXIO-* 

Date. 

IIXIO-* 

Date. 

nxio"* 

1905- 

1905. 

1905. 

May  4 

II 

June  28 

30 

Aug.  25 

II 

5 

38 

29 

28 

26 

9 

6 

66 

30 

35 

27 

6 

7 

33 

July  I 

31 

28 

35 

8 

96 

2 

19 

29 

14 

9 

38 

3 

15 

30 

25 

10 

44 

4 

24 

3' 

8 

II 

46 

5 

II 

Sept.  I 

24 

12 

32 

6 

14 

2 

10 

13 

21 

7 

68 
30 

4 

4 

14 

14 

8 

7 

17 

15 

22 

9 

20 

8 

19 

16 

13 

II 

31 

9 

31 

17 

18 

12 

36 

II 

22 

18 

26 

13 

30 

12 

15 

19 

34 

14 

34 

13 

16 

20 

46 

15 

16 

14 

29 

21 

25 

16 

19 

15 

31 

22 

36 

17 

19 

16 

17 

23 

42 

18 

37 

18 

18 

24 

49 

19 

24 

19 

II 

25 

58 

20 

19 

20 

17 

26 

34 

21 

19 

21 

20 

27 

18 

22 

33 

22 

35 

28 

33 

23 

3 

23 

26 

29 

21 

24 

22 

25 

25 

30 

14 

25 

25 

26 

46 

31 

II 

27 

30 

27 

52 

June  I 

15 

29 

10 

28 

25 

2 

37 

30 

4 

29 

40 

3 

28 

29 
18 

31 

7 

^   30 

28 

4 

Aug.  I 

II 

Oct.  2 

26 

5 

2 

25 

3 

16 

6 

8 

3 

65 

4 

35 

7 

35 

4 

30 

5 

42 

8 

24 

5 

16 

6 

36 

9 

38 

6 

20 

7 

44 

10 

35 

7 

28 

9 

46 

II 

17 

8 

24 

ID 

24 

12 

29 

9 

22 

II 

35 

»3 

30 

ID 

35 

12 

36 

14 

30 

II 

26 

13 

38 

15 

40 

12 

24 

H 

42 

16 

31 

13 

7 

16 

44 

17 

26 

H 

15 

17 

53 

18 

27 

15 

9 

18 

34 

19 

7 

16 

8 

19 

30 

20 

12 

17 

72 

20 

17 

21 

•  • 

18 

30 

23 

37 

22 

24 

«9 

7 

24 

37 

23 

9 

20 

22 

25 

35 

24 

33 

21 

22 

26 

28 

25 

17 

22 

28 

27 

47 

26 

20 

23 

19 

30 

36 

27 

30 

24 

36 

3« 

36 

I40 
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Tablb  49. — Cootintied. 


Date. 

l»XlO-» 

Date. 

nxia-* 

Date. 

fiXior* 

1905. 
Nov.  I 

38 

1905. 
Dec.  21 

30 

1906. 
Feb.  9 

38 

2 

39 

1906. 

10 

39 

3 

32 

Jan.  I 

32 

II 

65 

4 

30 

2 

60 

12 

40 

6 

28 

3 

38 

13 

35 

7 

39 

4 

60 

14 

23 

8 

37 

5 

60 

15 

70 

9 

39 

6 

68 

16 

70 

10 

47 

8 

37 

17 

38 

II 

70 

9 

89 

19 

51 

13 

50 

10 

83 

20 

54 

14 

90 

II 

76 

21 

37 

16 

42 

12 

63 

22 

64 

17 

32 

13 

26 

23 

37 

18 

37 

15 

42 

26 

42 

20 

39 

16 

48 

27 

59 

21 

78 

17 

54 

28 

75 

22 

73 

18 

44 

liar.  I 

72 

23 

39 

19 

50 

2 

71 

24 

38 

20 

41 

3 

32 

27 

37 

22 

35 

5 

39 

28 

38 

23 

45 

6 

56 

Dec.  4 

27 

24 

86 

7 

54 

5 

58 

25 

41 

8 

39 

6 

47 

26 

36 

10 

55 

7 

39 

27 

61 

12 

50 

8 

48 

29 

68 

13 

44 

9 

20 

30 

60 

14 

44 

II 

59 

3» 

35 

15 

37 

12 

40 

Feb.  I 

58 

16 

56 

13 

67 

2 

71 

17 

59 

"4 

64 

3 

75 

19 

50 

15 

86 

4 

42 

20 

48 

16 

44 

5 

37 

22 

86 

18 

92 

6 

76 

23 

76 

19 

37 

7 

75 

24 

39 

20 

44 

8 

1 

53 

26 

42 

Tabls  50. — Mean  monthly  nudeatioiis  conespooding  to  table  48. 


Date. 


1905. 
November. 
Deoembor . 
January . . . 
February . . 
March  . . . . 

April 

May 

June 
uly 


nxicr*. 


53 
69 
66 

71 
47 
40 

35 
26 

27 


Date. 


1905. 

August 

September 

■  October. . . 

November. 

December . 

1906. 
January. . 
February. , 
Maivfa... 


n  X  lo"*. 


23 
24 
35 
45 
50 

53 
53 
52 
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90.  Mean  monthly  nucieations. — ^The  data  of  table  48  suffice  for  the 
determination  of  the  average  nucieations  per  month,  care  being  taken  to 
omit  the  days  on  which  no  observations  were  taken.  Table  50  contains 
the  results. 

These  data  are  shown 
in  the  lower  graphs  of 
fig.  62.  What  is  re- 
markable is  the  gradual 
rise  of  the  curve  to  a 
persistent  maximum 
reaching  nearly  into 
April.  True,  the  win- 
ter was  relatively  mild 
and  the  spring  relatively 
cold;  but  one  would 
not  be  prepared  to  pre- 
dict nucieations  so  uni- 
formly maintained  be- 
tween November  and 
April.  The  distribution 
is  in  fact  peculiar,  as 
may  be  seen  by  compar- 
ing it  with  the  nuclea- 
tion  of  the  preceding 
years  since  1902,  in  fig. 
63.     The  uniformity  of 


Positive 
ions 


iSHf"^ 


Nytfel 


Mar, 


Fig.  62. — Average  monthly  ionization  (thousands  per 
cubic  centimeter),  positive  and  negative  as  stated, 
and  nucieations  (thousands  per  cubic  centimeter), 
observed  between  August,  1905,  and  Blarcfa,  1906. 

the  new  curve,  the  absence  of  maxima  in  December,  are  striking.  One 
may  note  the  upward  march  of  the  successive  curves  1902-03,  1903-04, 
1904-05. 


91.  Measurement  of  ionization. — ^To  determine  the  number  of  ions  in 
the  atmosphere,  Ebert's*  well-known  apparatus  was  used.  This  consists 
of  a  tubular  condenser,  the  inner  coat  of  which  is  charged  and  in  con- 
tact with  a  graduated  electroscope.  The  air  to  be  examined  is  passed 
through  the  condenser  by  an  aspirator-fan  propelled  by  clockwork. 
The  air  delivery  of  the  machine  is  also  carefully  standardized. 

In  order  to  test  the  same  air  which  yielded  the  nuclei  for  the  preceding 
measurement,  the  electrical  apparatus  (£,  fig.  576)  was  swtmg  from  the 
outside  of  a  window  on  a  long  swivel  bracket  (J5).  In  this  way  it  could  be 
drawn  near  the  window  for  charging  and  examination  with  appropriate 


*  H.  Ebert:    Illus.  A^onaut.    Mittheilungen,  October,  1902,  pp.  i-io. 
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lenses  or  moved  to  a  reasonable  distance  away  from  the  window  during 
the  passage  of  the  air  to  be  tested.  In  winter  all  measurements  must  be 
made  with  a  galvano- 
scope  on  the  outside  of 
the  house.  Thermome- 
ters are  shown  at  T. 

The  difficulties  encoun- 
tered in  using  this  ap- 
paratus in  cold  weather 
will  be  investigated  later 
(section  94).  Here  some 
reference  to  its  constants 
is  in  place.  The  quantity 
of  air  passed  through  the 
condenser  in  the  fiducial 
time  (about  10  minutes) 
was  1.0357  X  lo*  cubic 
centimeters ;  the  capacity 
of  the  condenser  17.74 
cm.  Hence  if  V  is  the 
volts 
during  the  fiducial  time 
specified, 
V 


»- 

?• 

Fia 

K 

tf^ 

ATM 

T 

" 

/ 

s 

1 

\ 

% 

l> 

/ 

\ 

'^ 

^ 

/ 

f 

-' 

%■ 

%- 

^ 

> 

f 

L 

•r 

1.  Mw.   Apr.  Mtf  juna  July  A^.  Stet. 

Fio.  63.-Atmo.pb.ric  niKteition  (tbouudi  i«r  cubic  ''"?  »'  V'^^ 
centimeter)  from  October,  190a,  to  Haich,  1906. 


0-17.7 


Vlioo 


1.0357X10'       17.52X10' 

denotes  the  charge  in  i  cubic  centimeter  of  air.    As  3.4  X  1 
electrostatic  charge  per  electron, 

V 


bXio-»- 


,  nearly. 


3.4X10-'      6 

shows  the  number  of  ions  per  cubic  centimeter.  Measurements  to  find 
their  velocity  were  not  made,  as  this  would  have  carried  me  too  far  from 
the  purposes  of  this  paper. 

I  may  add  that  a  similar  apparatus  was  installed,  in  which  the  winter 
indraft  of  cold  air  (through  a  condenser),  measured  by  an  anemometer, 
was  utilized.  The  object  here  was  to  determine  the  hourly  vaiiations 
of  ionization.  Though  many  observations  were  taken,  their  meaning  is 
vitiated  by  the  temperature  discrepancy  mentioned  in  section  94.  For 
this  reason,  perhaps,  a  periodicity  similar  to  the  one  discovered  by  Wood 
and  Campbell  (Nature,  April,  1906,  p.  583)  with  st^nant  air  was  not 
detected. 
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92.  Dafai  for  loniatloiu — In  table  51  the  date  and  hour  are  given  in 
tbe  first  and  second  oolumns.  The  fall  of  potential,  V-  v  {v  being  the 
fall  in  the  absence  of  the  aspirator  air  current),  in  volts,  during  the 
ten  minutes  of  observation,  is  shown  in  the  fourth  column,  marked 
*'volt8."  From  this  the  charge  (Q)  in  electrostatic  units  per  cubic 
meter,  and  the  number  of  ions  (n)  in  thousands  per  cubic  centimeter, 
are  computed.  The  sign  of  the  charges  is  indicated  in  each  case,  and  q 
denotes  fheir  ratio  (Q^^/QJ).    The  correction  (v)  is  regarded  as  negligible. 


Tablb  51- 


Date. 

Time. 

Volts. 

ff. 

f»  X  IO-*. 

Date. 

Time. 

Volts. 

e. 

f»  X  IO~*. 

1905. 

1905. 

July   26 

40 

3.7 

+0.21 

0.62 

Aug.    9 

92 

10.9 

+0.62 

1.82 

4.6 

••-    .26 

.76 

17 

— 

.10 

.29 

5.1 

+    .29 

.85 

8.2 

+ 

.47 

1.38 

7.8 

+    .45 

1.32 

52 

— 

.30 

.88 

6.1 

+   .35 

1.03 

6.3 

+ 

.36 

1.05 

5 

5.9 

+    .34 

1. 00 

4.2 

— 

.24 

.70 

29 

9.2 

5.0 

+    .29 

.85 

6.3 

+ 

.36 

1.05 

5.9 

-    .34 

1. 00 

4.2 

— 

.24 

.70 

40 

6.3 

+    .36 

1.02 

12.3 

5.2 

+ 

•30 

.88 

4.a 

-    .24 

.70 

6.3 

— 

.36 

1  05 

31 

10. 0 

7.7 

+    .44 

1.29 

10 

9-5 

8.2 

+ 

•47 

1.38 

3.0 

-    .18 

.52 

5.2 

— 

•30 

.88 

3.0 

7.8 

+    .45 

I  32 

12 

7.2 

+ 

•4» 

1.20 

5.9 

-    .34 

1 .00 

7.2 

— 

.41 

1.20 

Aug.     I 

10. 0 

2.6 

+    .15 

•44 

II 

10 

6.3 

+ 

•36 

I  05 

2.6 

-    .15 

.44 

5.2 

— 

.30 

.88 

3.0 

6.3 

+    .36 

1.02 

12.3 

8.2 

+ 

.47 

1.38 

S.I 

-    .46 

1-35 

5.2 

— 

30 

.88 

2 

9.2 

6.9 

+    .39 

1. 14 

13 

9.0 

6.3 

+ 

•36 

I  05 

5.6 

-    .32 

.94 

6.3 

— 

•36 

1.05 

40 

5-9 

+    .34 

1. 00 

12.0 

5.2 

+ 

30 

.88 

3.1 

-    .18 

.52 

6.3 

- 

.36 

1.05 

3 

10. 0 

S.2 

+    .47 

1.38 

14 

9.4 

II. 9 

+ 

.68 

2.00 

5.5 

-    .31 

.91 

II. 0 

— 

•63 

1.85 

4.3 

6.7 

+    .38 

I. II 

.73 

II. 3 

138 

+ 

•79 

2.32 

4-4 

-    .25 

II. 0 

— 

.63 

1.85 

4 

10. 0 

5.3 

+    .30 

.88 

12.3 

II. 0 

+ 

.63 

1.85 

4*4 

-    .25 

.73 

II. 0 

- 

•63 

1.85 

4.3 

2.6 

+    .15 

•44 

15 

10 

10 

+ 

.57 

1.67 

4.8 

-    .27 

•79 

8.2 

— 

•47 

1.38 

5 

10. 0 

4.2 

+    .24 

.70 

lO.O 

+ 

.57 

1.67 

5.3 

-    .30 

.88 

8.2 

— 

.47 

1.38 

4.0 

4.6 

+    .26 

.76 

9-1 

+ 

.52 

1.52 

6.5 

-    .37 

1.08 

27.8 

■ 

•  •  • 

•   •   •   • 

' 

9.4 

10. 0 

+    .57 

1.67 

12.3 

9.1 

+ 

•52 

1.52 

6.7 

-    .38 

I. II 

9-1 

- 

.52 

^•52 

12.3 

9.0 

+    .51 

1.50 

16 

10 

8.2 

+ 

•47 

1.38 

9.5 

-    -54 

1.58 

5.2 

~ 

.30 

.88 

8 

10. 0 

5.5 

+    .31 

.91 

I.O 

10. 0 

+ 

•57 

1.67 

3.2 

-    .18 

.52 

7.2 

- 

.41 

1.20 

9 

9.2 

6.3 

+    .36 

1.05 

17 

10. 0 

8.2 

+ 

.47 

1.38 

1 

5.5 

-      31 

.91 

5.2 

" 

.30 

.88 
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Tablb  51.— Coottnued. 


Date. 

Time. 

Volts. 

G. 

f»  X  lO-*. 

Date. 

Time. 

Volts. 

c 

n  X IO-*. 

1905. 

1905. 

Aug.  17 

12.3 

10. 0 

+  0 

•  57 

1.67 

Sept.    2 

97 

37 

-0.21 

0.61 

10. 0 

— 

.57 

1.67 

1.4 

6.0 

+ 

.34 

1. 00 

18 

10. 0 

8.2 

+ 

•47 

1.38 

2.2 

- 

.12 

.37 

9  » 

— 

•52 

1.52 

4 

10.5 

5.1 

+ 

.29 

•85 

12.0 

9.1 

+ 

.52 

1.52 

2.8 

- 

.16 

•47 

91 

— 

.52 

1.52 

17 

54 

+ 

.31 

.91 

19 

9.0 

10.0 

+ 

.57 

1.67 

10.4 

— 

.59 

1.74 

9.» 

— 

.52 

I  52 

7 

10.3 

4.8 

+ 

.27 

.80 

12.0 

•  •   •    • 

• 

•   •   • 

■  •   ■    • 

5.3 

~ 

.30 

.88 

•  •   •    • 

• 

•   •   • 

•   •   •    • 

33 

5-4 

+ 

.31 

.91 

21 

10. 0 

8.2 

+ 

.47 

1.38 

42 

— 

.24 

•  70 

9.1 

— 

.52 

1.52 

8 

10.2 

7.1 

+ 

.40 

1. 18 

I.O 

7.2 

+ 

•4> 

1.20 

6.5 

— 

.37 

1.09 

2.1 

— 

.  12 

.35 

2.5 

8.6 

+ 

.49 

1.44 

22 

10 

6.3 

+ 

.36 

I  05 

9-5 

— 

.54 

I  59 

6.3 

— 

.36 

I -05 

9 

97 

5^o 

+ 

.28 

.84 

1 .0 

3» 

+ 

.18 

.52 

6.4 

- 

.36 

1.06 

4-2 

- 

.24 

.70 

2.2 

8.9 

+ 

.51 

1.50 

23 

9.3 

10. 0 

+ 

.57 

1.67 

4-2 

— 

.24 

.70 

8.2 

— 

.47 

1.38 

II 

9.9 

3.7 

+ 

.21 

.61 

12.0 

7-2 

+ 

•4« 

1.20 

4^> 

— 

.23 

•  69 

10. 0 

— 

.57 

1.67 

2.4 

2.3 

+ 

.13 

.38 

24 

10. 0 

6.3 

+ 

.36 

1.05 

2.8 

- 

.16 

•47 

6.3 

— 

.36 

1.05 

12 

10. 1 

10.8 

+ 

.61 

179 

12.0 

4.2 

+ 

.24 

.70 

1.9 

— 

.11 

•32 

5.2 

— 

.30 

.88 

2.7 

2.2 

+ 

.12 

•36 

25 

10. 0 

5.2 

+ 

.30 

.88 

3-3 

— 

.19 

.56 

3.> 

— 

.18 

•52 

>3 

10.3 

4.8 

+ 

.27 

.79 

1.0 

8.2 

+ 

.47 

1.38 

4.0 

— 

.23 

.68 

6.3 

— 

.36 

I  05 

2.3 

4.2 

+ 

.24 

•70 

26 

9.0 

8.2 

+ 

.47 

1.38 

3^o 

— 

.17 

•50 

6.3 

— 

.36 

1.05 

14 

10.4 

9.2 

+ 

.52 

1.53 

1 

12.0 

9.» 

+ 

•  52 

152 

6.7 

— 

.38 

1. 12 

8.2 

— 

•47 

1.38 

2.5 

8.2 

■f 

.47 

1.38 

28 

10.4 

6.2 

— 

.35 

1^05 

7.6 

— 

.43 

1.25 

3.4 

+ 

.19 

•56 

15 

10.4 

6.0 

+ 

.34 

1. 00 

2.7 

2.4 

— 

.14 

.41 

7.7 

— 

•44 

1.29 

3.2 

+ 

.18 

.54 

2.5 

10. 1 

+ 

.57 

1.68 

29 

9-9 

3.7 

+ 

.21 

.63 

3-5 

— 

.20 

.59 

3.7 

— 

.21 

•63 

16 

10.5 

4-2 

+ 

•24 

•70 

2.6 

50 

+ 

29 

.86 

2.4 

- 

.14 

•41 

4.5 

— 

.25 

.76 

2.0 

8.3 

■f 

•47 

1.40 

30 

10.5 

4.8 

+ 

.27 

.79 

2.4 

— 

•14 

41 

30 

— 

•  17 

.48 

18 

10. 0 

2.8 

■f 

.16 

•47 

2.6 

4-5 

+ 

.25 

•76 

5.3 

— 

30 

.88 

5.» 

— 

29 

•85 

3.5 

8.3 

+ 

•47 

1.40 

31 

10. 0 

3.0 

+ 

.17 

.50 

2.8 

— 

.16 

•47 

5.6 

— 

•32 

.94 

19 

9.8 

77 

+ 

.44 

1.29 

2.7 

5-9 

+ 

•34 

1. 00 

1.8 

— 

.  ID 

•31 

4-2 

— 

.24 

•71 

3.3 

3  3 

+ 

•19 

.56 

Sept.    I 

10.5 

5.4 

•4- 

•31 

•91 

2.3 

— 

•13 

.38 

4-7 

— 

.27 

.79 

20 

10.2 

3.5 

+ 

.20 

.59 

3 

6.8 

+ 

•39 

1. 14 

1.2 

— 

.07 

.20 

.4 

— 

•23 

.67 

37 

47 

+ 

.27 

•79 

2 

9.7 

5.1 

+ 

•  29 

.85 

4.2 

•24 

•70 

ATICOSPHBRIC    IONS. 
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Tabls  5 1 .  —Continued. 


Date. 

Time. 

Volts. 

e. 

n  X  IO-*. 

Date. 

Time. 

Volts. 

Q 

• 

nxior*. 

1905. 

'905^ 

Sept.  21 

8.7 

8.3 

+0.47 1 

1.40 

Oct.     7 

2.6 

3.5 

-0. 

20 

0.59 

4-2 

— 

.24 

.70 

9 

12  I 

8.7 

+  . 

50 

1.46 

3-5 

4-5 

+ 

.26 

.76 

7.2 

.— 

41 

1.20 

4.6 

— 

.26 

.76 

4-5 

16.6 

+  . 

95 

2.79 

22 

9.8 

1.9 

+ 

.11 

.32 

24 

— 

14 

•4* 

2.6 

— 

.15 

•44 

10 

9.9 

2.8 

+  . 

16 

.47 

50 

2.8 

+ 

.16 

.47 

4.8 

— 

27 

.79 

2.4 

— 

.14 

.4» 

2.5 

42 

+  . 

24 

.70 

23 

9.0 

7.8 

+ 

.44 

1.30 

8.1 

— 

46 

1.35 

7.7 

— 

.44 

1.29 

II 

9.8 

6.0 

+  . 

34 

1. 00 

25 

II. 0 

8.3 

+ 

.47 

1.40 

8.9 

— 

51 

I  50 

9.5 

— 

.54 

1.59 

2.2 

2.3 

+  . 

13 

.38 

2.7 

5-3 

+ 

•30 

.88 

4-2 

— 

24 

.70 

10. 1 

— 

.58 

1. 71 

12 

9.0 

34 

+  . 

19 

.57 

26 

9.0 

4.5 

+ 

.26 

.76 

8.9 

— 

51 

1.50 

41 

— 

•  23 

.69 

2.7 

6.3 

+  . 

36 

1.02 

3.7 

6.8 

+ 

.39 

1. 14 

7.7 

^ 

44 

1.29 

9.3 

— 

.53 

1.56 

13 

II. 0 

3-7 

+  . 

,21 

.61 

27 

9.0 

4-5 

+ 

.26 

.76 

8.9 

— 

51 

1.50 

2.7 

— 

.15 

.46 

2.6 

14 

+ 

.08 

.23 

5-5 

I.I 

+ 

.06 

.19 

3.0 

— 

17 

.48 

3.5 

— 

.20 

.59 

14 

10. 0 

72 

+ 

41 

1.20 

28 

9-5 

3-7 

+ 

.21 

.61 

7-1 

— 

40 

1. 18 

4.8 

- 

.27 

.79 

2.6 

4-9 

+ 

.28 

.82 

3.4 

8.3 

+ 

•47 

1.40 

4.2 

— 

24 

•70 

5.4 

— 

.31 

.9» 

16 

2.5 

59 

+ 

.34 

1. 00 

29 

9.2 

7.0 

+ 

.40 

1.17 

3.7 

-^ 

.21 

.61 

6.8 

- 

.39 

1. 14 

4.7 

1.4 

+ 

.08 

.23 

2.5 

2.4 

+ 

.14 

.41 

2.4 

— 

14 

•41 

1.8 

— 

.10 

.3* 

17 

10.3 

6.1 

+ 

.35 

1.03 

30 

9.0 

19 

+ 

.11 

.32 

7.4 

— 

42 

1.23 

30 

- 

n 

.48 

2.7 

7-5 

+ 

43 

1.26 

3.2 

3.7 

+ 

.21 

.61 

3-5 

— 

.20 

.59 

1.4 

— 

.08 

.23 

18 

9.2 

3.0 

+ 

■  17 

•48 

Oct.     2 

9.1 

2.3 

+ 

.13 

.38 

8.0 

— 

.46 

1.35 

2.4 

— 

•  14 

.41 

2.7 

2.4 

+ 

.14 

•41 

2.7 

1.8 

+ 

.10 

•31 

2.4 

— 

.14 

.41 

2.4 

— 

.14 

.41 

19 

12 

4.2 

+ 

.24 

.70 

3 

10. 0 

3.6 

+ 

.20 

.60 

7.4 

-^ 

•42 

1.23 

3.0 

— 

.17 

•50 

3-5 

6.7 

+ 

.38 

1. 12 

2.8 

7.9 

+ 

.45 

1.31 

4.8 

— 

.27 

•79 

4.8 

— 

•  27 

.79 

20 

II. 6 

6.4 

+ 

.36 

1.07 

4 

9.8 

3.6 

+ 

.20 

.60 

2.8 

— 

.16 

•47 

4.2 

— 

.24 

•70 

2.6 

6.5 

+ 

.37 

1.09 

2.9 

3.0 

+ 

.17 

.48 

1-9 

— 

.11 

.32 

3.6 

— 

.20 

.60 

23 

12.2 

4.2 

+ 

•  24 

.70 

5 

10.5 

2.4 

+ 

14 

•4* 

6.9 

— 

39 

1. 14 

6.0 

— 

.34 

1. 00 

4.3 

6.4 

+ 

.36 

1.07 

6 

9.2 

6.6 

+ 

.38 

I. II 

7-7 

— 

•44 

1.29 

9-5 

— 

.54 

'•59 

24 

10.2 

1-7 

+ 

.  10 

.29 

3.» 

7-2 

+ 

.41 

1.20 

3-3 

— 

19 

.56 

10.4 

— 

•59 

I  74 

2.7 

31 

+ 

.18 

.52 

7 

92 

6.5 

+ 

.37 

1. 09 

1.8 

— 

.10 

•31 

6.6 

— 

.38 

I. II 

25 

12. 1 

6.2 

+ 

■35 

1.05 

2.6 

36 

+ 

.20 

.60 

8.2 

.47 

1.38 
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Tablb  51.— CootinuecL 


Date. 

Time. 

Volts 

0. 

n  X  ID"*. 

Date. 

TbDe. 

Volts. 

(?• 

n  X  sor*. 

1905. 

1905. 

Oct.    25 

4.0 

1.4 

+  0. 

08 

0.23 

Nov.  14 

10.7 

54 

-0.31 

•91 

3.6 

-    , 

20 

.60 

16 

2.5 

33 

+ 

•19 

.56 

26 

2.7 

5.6 

+ 

32 

.94 

6.8 

— 

•39 

1. 14 

"•3 

— 

65 

1. 91 

17 

II. 2 

3.6 

+ 

.20 

.60 

4.6 

6.9 

+ 

39 

1.14 

4.2 

— 

.24 

.70 

9.6 

— 

.55 

1.62 

2^7 

2.8 

+ 

.16 

.47 

27 

II. 0 

5.6 

+ 

32 

•94 

8.4 

— 

.48 

1. 41 

8.3 

- 

.47 

1.40 

18 

98 

4.6 

+ 

.26 

76 

2.8 

6.0 

+ 

34 

1. 00 

10.4 

— 

.59 

1.74 

4.2 

— 

24 

.71 

20 

2.7 

1.7 

+ 

.10 

•  29 

30 

2.5 

3.4 

+ 

19 

.57 

8.1 

— 

.46 

1.35 

10.5 

— 

.60 

1.76 

21 

10.6 

2.4 

+ 

•14 

•  41 

4-7 

6.3 

+ 

36 

1.02 

71 

— 

•40 

1. 18 

30 

— 

.17 

.48 

32 

5.3 

+ 

•30 

.88 

31 

II. 4 

2.4 

+ 

H 

.41 

54 

— 

.31 

•91 

8.9 

— 

.51 

1.50 

22 

12. 1 

7.7 

+ 

.44 

1.29 

3.7 

3.0 

+ 

.17 

.48 

6.6 

— 

.38 

I. II 

7.7 

— 

44 

1.29 

40 

1.8 

+ 

.10 

•31 

Nov.     f 

30 

8.7 

+ 

50 

1.46 

6.8 

— 

.39 

1. 14 

2.8 

— 

.16 

•47 

23 

2.7 

59 

+ 

•34 

1. 00 

5.6 

6.7 

+ 

.38 

1. 12 

1.8 

— 

.10 

•31 

6.0 

— 

'34 

1. 00 

24 

2.5 

37 

+ 

.21 

.61 

2 

2.4 

6.7 

+ 

.38 

1. 12 

3.0 

— 

•17 

•48 

9.5 

— 

.54 

1  59 

5.3 

1.8 

+ 

.10 

•3« 

3 

2.7 

1.8 

+ 

.10 

•31 

2.3 

— 

.13 

•38 

3.0 

— 

17 

.50 

27 

3-4 

5.3 

+ 

•  30 

.88 

5.0 

6.0 

+ 

34 

1. 00 

6.6 

— 

•38 

I. II 

2.4 

— 

.14 

•41 

5.3 

7.8 

+ 

•45 

1-32 

4 

10.2 

1-4 

+ 

.08 

.23 

2.3 

— 

•13 

.38 

2.4 

— 

14 

•41 

28 

10.5 

1.8 

+ 

.10 

.31 

2.4 

2.8 

+ 

.16 

•47 

4.5 

— 

.26 

.76 

2.2 

— 

.12 

.36 

30 

4.8 

+ 

.27 

•  79 

6 

30 

7.2 

+ 

41 

1.20 

5.7 

— 

•32 

•96 

3.0 

— 

17 

•50 

Dec.     4 

12.0 

54 

+ 

.31 

•  91 

7 

10.6 

6.2 

+    . 

35 

1.05 

42 

— 

.24 

.70 

9.5 

— 

54 

1-59 

2.7 

2.4 

+ 

.14 

.41 

2.8 

5.8 

+ 

33 

.97 

II. 9 

— 

.68 

2.0 

4.4 

— 

25 

•  73 

5 

II. 0 

12.7 

+ 

.73 

2.15 

8 

30 

5.3 

+ 

30 

.88 

II. 9 

— 

.68 

2.00 

3.0 

— 

17 

.50 

2.7 

12.0 

+ 

.68 

2.01 

9 

2.5 

2.3 

+    . 

13 

.38 

6.9 

— 

•39 

1.14 

II. I 

— 

63 

1.85 

6 

12.2 

9.5 

+ 

•54 

1.59 

10 

II. I 

4-7 

+    . 

27 

.79 

3^o 

— 

•17 

•  50 

8.3 

— 

47 

1.40 

2.7 

2.8 

+ 

.16 

•47 

3.0 

1.8 

+    . 

10 

.3« 

3.6 

— 

.20 

.60 

3.6 

— 

.20 

.60 

7 

2.7 

10.5 

+ 

.60 

1.76 

II 

10.5 

3.9 

+    . 

22 

.65 

45 

- 

.26 

.76 

5.4 

— 

31 

.91 

8 

II. 2 

95 

+ 

•54 

159 

2.5 

4.8 

+    . 

27 

.79 

2.4 

— 

.14 

•4» 

8.1 

— 

46 

1.35 

3.2 

73 

+ 

•42 

1.24 

>3 

12.4 

6.8 

+ 

39 

1.14 

2.3 

— 

•13 

•38 

6.0 

— 

34 

1. 00 

9 

10.7 

6.7 

+ 

•38 

1. 12 

3.2 

.9 

+    . 

05 

.16 

59 

— 

.34 

1. 00 

5.6 

- 

32 

•^ 

II 

30 

7^6 

+ 

.43 

1.25 

14 

10.7 

9.8 

+    . 

56 

1.65 

49 

^m 

.28 

.82 
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Tablb  51.— Continued. 


Date. 

Time. 

Volts. 

G. 

n  X  lO"*. 

Date. 

Time. 

Volts. 

G. 

n  X  ID-*. 

1905. 

1906. 

Dec.   12 

10.7 

II. 0 

+0 

.63 

1.85 

Jan.     9 

II  .0 

9-3 

+  0 

.53 

1.56 

1-4 

— 

.08 

•23 

3.8 

— 

.22 

.65 

2.7 

4-7 

+ 

.27 

.79 

3^o 

10.5 

+ 

.60 

1.76 

5.9 

— 

•  34 

1.00 

5-1 

— 

29 

.85 

13 

12.2 

"3 

+ 

.65 

1. 91 

10 

3-5 

10.6 

+ 

.60 

1.78 

9.5 

— 

•54 

^•59 

14 

— 

.08 

.23 

3-5 

7.7 

+ 

•44 

1.29 

II 

12.5 

9.7 

+ 

.55 

1.62 

4.4 

"— 

.25 

.73 

4-2 

— 

•24 

.70 

«4 

3-7 

1-9 

+ 

.  II 

.32 

47 

134 

+ 

.76 

2.02 

4-7 

•^ 

.27 

.79 

2.4 

— 

•H 

.41 

15 

II. 0 

12.7 

+ 

.73 

2.15 

12 

II. 2 

41 

•4- 

.23 

.69 

4-7 

— 

.27 

.79 

32 

— 

.18 

.54 

16 

3-5 

143 

+ 

.82 

2.41 

4.8 

6.5 

+ 

.37 

1.09 

3.4 

— 

.19 

.57 

34 

— 

•19 

.57 

18 

4.0 

8.4 

+ 

.48 

1. 41 

>3 

10.5 

16.0 

+ 

.91 

2.68 

2.9 

— 

.16 

.49 

6.7 

— 

.38 

1. 12 

»9 

10.5 

6.7 

+ 

.38 

1. 12 

3.2 

?21.5 

+  1 

.23 

3.62 

4.1 

— 

•  23 

.69 

2.3 

— 

.13 

.38 

2.4 

7.6 

+ 

•43 

1.25 

15 

lO.O 

6.7 

+ 

.38 

1. 12 

14.8 

— 

.84 

2.47 

5.9 

— 

.34 

1. 00 

20 

10.5 

6.8 

+ 

•39 

1. 14 

16 

"•5 

6.6 

+ 

.38 

I. II 

4  9 

— 

.28 

.82 

1.9 

— 

.11 

.32 

3.9 

6.0 

+ 

.34 

1. 00 

3.4 

5-7 

+ 

.32 

.96 

4.7 

— 

.27 

.79 

37 

— 

.21 

.63 

21 

10.5 

"3 

+ 

.65 

1. 91 

17 

lO.O 

7.0 

+ 

40 

1. 17 

6.5 

— 

•37 

1.09 

19 

— 

.11 

.32 

30 

3.7 

+ 

.21 

.61 

3-5 

7.0 

+ 

.40 

1. 17 

30 

— 

.17 

.48 

53 

— 

.30 

.88 

1906. 

18 

12.2 

7.1 

+ 

•40 

1. 18 

Jan.      I 

3.7 

II-3 

+ 

•65 

1. 91 

1.7 

— 

.  10 

.29 

4.6 

— 

.26 

.76 

4.8 

34 

+ 

.19 

.57 

2 

10.7 

19.0 

+  2 

.09 

6.01 

I.I 

— 

.06 

.18 

10.2 

— 

.58 

1.70 

19 

9  9 

6.6 

+ 

.38 

I. II 

3-5 

18.0 

+  1 

.03 

3.01 

4-2 

— 

.24 

.70 

4.4 

— 

.25 

.73 

2.7 

9-7 

+ 

.55 

1.62 

3 

II. 7 

9.5 

+ 

•54 

1.59 

77 

— 

•44 

1.29 

7.0 

— 

.40 

1. 17 

20 

10.3 

7.1 

+ 

.40 

1. 18 

3-3 

9.7 

+ 

.55 

1.62 

3.1 

— 

.18 

.52 

1.4 

— 

.08 

.23 

32 

2.8 

+ 

.16 

.47 

4 

12.8 

8.1 

+ 

.46 

"•35 

3.7 

— 

.21 

.61 

2.4 

— 

.14 

.41 

22 

12.5 

7.8 

+ 

.45 

1.32 

3-2 

2.3 

+ 

•13 

.38 

54 

— 

•31 

.91 

4.2 

— 

•24 

.70 

4.0 

4.7 

+ 

.27 

.79 

5 

10. 0 

II. 9 

+ 

.68 

2.00 

6.3 

— 

.36 

1.02 

s 

7.5 

— 

.43 

1.26 

23 

10.3 

5.3 

+ 

•30 

.88 

2.7 

10. 1 

+ 

.57 

1.68 

3-4 

— 

.19 

.57 

137 

— 

.78 

2.29 

5.0 

8.1 

+ 

.46 

1.35 

6 

10.6 

9.2 

+ 

.52 

I.53 

2.3 

^ 

.13 

.38 

5.4 

— 

•31 

•91 

24 

10. 0 

8.4 

+ 

.48 

1. 41 

4.3 

"3 

+ 

•65 

t.91 

9^6 

— 

.55 

1.62 

5.8 

— 

•33 

.97 

25 

9.8 

II. 2 

+ 

.64 

1.88 

8 

12.5 

12.5 

+ 

•71 

2.01 

4-3 

— 

•24 

.73 

6.5 

— 

.37 

1.09 

3'i 

7-2 

+ 

.41 

1.20 

4.5 

130 

+ 

.74 

2.02 

4-2 

— 

.24 

.70 

7.2 

.41 

1.20 

26 

10. 0 

8.9 

+ 

.51 

1.50 
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Table  51.— Continued. 


Date. 

Time. 

Volts. 

G. 

IIXIO-*. 

Date. 

Time. 

Volts. 

G. 

f»  X  lo-*. 

1906. 
Jan.   26 

10.0 

19 

-0. 11 

0.3a 

1906. 
Feb.     8 

9.8 

4.8 

+0.27 

0.79 

3-3 

II. 3 

+ 

.65 

1. 91 

12.6 

5.2 

+ 

.30 

.88 

30 

— 

.17 

.48 

II. 2 

— 

.64 

1.88 

27 

10.2 

7.5 

+ 

.43 

1.26 

34 

8.6 

+ 

•49 

I  45 

4.9 

— 

.28 

.82 

3-3 

— 

19 

.56 

4.4 

8.0 

+ 

.46 

I.35 

48 

3.8 

+ 

.22 

.64 

1.8 

— 

.10 

•31 

3.9 

— 

.22 

.66 

29 

12 

16. 1 

+ 

.92 

2.70 

9 

11.5 

77 

+ 

.44 

1.30 

5.0 

— 

.28 

.84 

6.2 

— 

.35 

1.04 

3.7 

10. 0 

+ 

.57 

1.67 

19 

+ 

.11 

.33 

6.2 

— 

.35 

1.05 

49 

5.9 

+ 

•34 

x.oo 

30 

10.5 

5.3 

+ 

•30 

.88 

«  4 

— 

.08 

•  23 

7-2 

— 

.41 

1.20 

10 

9.9 

54 

+ 

•31 

.91 

30 

4.8 

+ 

.27 

•79 

33 

+ 

.19 

56 

4.2 

— 

•  24 

.70 

10.6 

2.8 

— 

.16 

.47 

3« 

12.3 

8.3 

+ 

•47 

1.40 

10.6 

42 

+ 

•24 

•71 

7.5 

— 

•43 

1.26 

12.5 

8.1 

+ 

.46 

1.37 

3.2 

8.9 

+ 

•51 

1.50 

4.6 

— 

.26 

•76 

6.5 

— 

•37 

1.09 

50 

37 

+ 

.21 

.62 

Feb.     I 

12.0 

II. I 

+ 

.63 

1.87 

3.3 

— 

•19 

56 

6.9 

— 

•39 

1. 14 

II 

10.2 

12.3 

+ 

.70 

2.06 

50 

6.8 

+ 

•39 

1. 14 

6.0 

— 

•34 

1. 00 

1.8 

— 

.10 

.31 

6.5 

+ 

.37 

I.  ID 

2 

11 .0 

12.3 

+ 

.70 

2.07 

II 

64 

— 

.37 

1.08 

7.0 

— 

.40 

1. 17 

6.7 

+ 

.38 

1. 12 

50 

II. 9 

+ 

.68 

2.00 

45 

7.0 

+ 

.40 

I.  18 

2.4 

— 

.14 

41 

}-3 

— 

•24 

•  73 

3 

10.2 

9.5 

+ 

.54 

I  59 

6.1 

+ 

•34 

1^03 

4.7 

— 

•27 

•79 

12 

97 

8.7 

+ 

•50 

1.47 

6.0 

1.8 

+ 

17 

52 

78 

— 

.45 

1.30 

3.5 

— 

.20 

.59 

12 

77 

+ 

•44 

1.30 

A 

10. 0 

8.6 

+ 

.49 

1.44 

8.7 

— 

•50 

I  47 

6.8 

— 

•39 

1. 15 

3 

78 

+ 

•45 

1.32 

12.4 

3  7 

+ 

.21 

.62 

3-4 

— 

•19 

•  57 

8.4 

— 

.48 

1.40 

13 

«2.5 

54 

+ 

•31 

•91 

6.2 

5.6 

+ 

.32 

•94 

.0 

.0 

.0 

6.0 

— 

•34 

1. 00 

57 

4.7 

+ 

.27 

.79 

5 

50 

9.0 

+ 

•51 

1.50 

30 

— 

.17 

•50 

1.4 

— 

.08 

•23 

14 

«2.5 

54 

+ 

•3» 

•91 

6 

9-5 

7.7 

+ 

•44 

1.30 

•5 

— 

03 

.09 

2.9 

— 

.17 

50 

4.7 

1.6 

+ 

.09 

.28 

II. 6 

7.6 

+ 

.43 

1.28 

2.9 

— 

.16 

•48 

14 

— 

.08 

•23                  15 

12.5 

42 

+ 

•  24 

.70 

12.1 

4.4 

+ 

.25 

.73 

2.8 

— 

.16 

•47 

4.1 

+ 

.23 

•69 

52 

7^i 

+ 

40 

1. 18 

30 

2.2 

— 

•13 

.38 

3.4 

— 

•19 

•57 

•9 

+ 

.05 

.15                  >6 

»2.5 

73 

+ 

•42 

1.24 

7 

9  9 

2.5 

+ 

.14 

•43 

7-1 

— 

.40 

1. 18 

5.3 

— 

•30 

•89 

50 

50 

+ 

•29 

.86 

12. 

10.3 

+ 

•59 

I  74 

37 

— 

.21 

.61 

10. 1 

— 

.58 

1.70 

17 

12.2 

4-2 

+ 

•24 

.70 

3.6 

9.0 

+ 

•51 

151 

2.8 

— 

.16 

•47 

4.1 

— 

.23 

.69 

34 

4.2 

+ 

•24 

•71 

6.2 

2.8 

+ 

.16 

.47 

17 

— 

.10 

•29 

5.4 

" 

.31 

.89 

19 

12.2 

5.3 

+ 

•30 

.89 
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Tabids  51.— Continued. 


Date. 

Time. 

Volts. 

C 

n  X  ID-*. 

Date. 

Time. 

Volts. 

Q 

n  X IO-*. 

1906. 

1906. 

Feb.   19 

12.2 

4-4 

—0.25 

0.73 

Mar.     6 

5^o 

4.0 

+0 

1.22 

0.66 

50 

3.8 

+ 

.22 

.64 

3^J 

— 

.18 

•52 

3.4 

— 

.19 

•57 

7 

12.5 

7-9 

+ 

•  45 

1.32 

20 

II. 2 

8.7 

+ 

.50 

1.47 

6.2 

— 

•  35 

i^05 

4.3 

— 

.24 

.73 

3-7 

4.0 

+ 

.22 

1. 17 

5.0 

4.7 

+ 

•27 

.79 

2.8 

— 

.16 

.47 

2.8 

— 

.16 

•47 

8 

12.2 

7-3 

+ 

42 

2.15 

21 

5-3 

5.4 

+ 

•3« 

•91 

42 

— 

.24 

•71 

4.2 

— 

.24 

•71 

5^o 

37 

+ 

.21 

1.09 

22 

12.0 

6.8 

+ 

.39 

1. 15 

4.2 

— 

•  24 

.71 

6.0 

— 

•34 

1. 00 

10 

II-5 

6.2 

+ 

.35 

1.05 

23 

4-7 

6.0 

+ 

•34 

1. 00 

42 

— 

•  24 

.71 

4-7 

— 

•27 

•79 

35 

5-1 

+ 

•  29 

.85 

26 

4.3 

8.1 

+ 

.46 

137 

»4 

— 

.08 

•23 

5.8 

— 

•33 

•97 

12 

1.2 

8.7 

+ 

•  50 

1-47 

6.7 

+ 

.38 

1. 12 

9.0 

— 

.51 

150 

27 

>i-5 

9.0 

+ 

•51 

1.50 

4-2 

5.2 

+ 

.29 

?  .87 

5.5 

— 

•31 

•91 

47 

— 

.27 

.79 

5.0 

5.1 

+ 

.29 

.85 

13 

5 

59 

+ 

.34 

1.00 

3-3 

— 

.19 

•56 

3.6 

— 

.20 

.60 

28 

12.2 

9.4 

+ 

•54 

159 

14 

4 

4.8 

+ 

•  27 

•79 

6.6 

— 

•38 

I.  II 

3^i 

— 

•  17 

50 

5.0 

8.5 

+ 

.48 

1.43 

15 

15 

7.0 

+ 

.40 

1. 17 

5.6 

— 

.31 

.91 

6.2 

— 

•35 

1.05 

Mar.     I 

12.5 

9.4 

+ 

•54 

1.59 

16 

32 

8.3 

+ 

.47 

1.38 

6.5 

— 

•37 

1.09 

37 

— 

.21 

1.09 

5.0 

5.9 

+ 

•34 

1. 00 

17 

37 

2.4 

+ 

.«4 

.4» 

6.0 

— 

•34 

1. 00 

2.6 

— 

.15 

.44 

2 

i».5 

6.3 

+ 

•36 

1.06 

19 

10.7 

6.2 

+ 

.35 

1.05 

5-7 

— 

•32 

.96 

3.7 

— 

.21 

1.09 

5.7 

3-3 

+ 

•  19 

•56 

20 

37 

3.4 

+ 

.19 

.57 

3.2 

— 

.18 

•54 

44 

— 

.25 

.73 

3 

10.7 

4.2 

+ 

.24 

•71 

22 

34 

50 

+ 

.28 

.84 

9.3 

— 

•53 

1.57 

52 

— 

.30 

.88 

5 

»2.5 

10.6 

+ 

.61 

1-79 

23 

10.7 

7.9 

+ 

.45 

1.32 

7-5 

— 

•43 

1.26 

6.7 

— 

.38 

1. 12 

4-5 

10.5 

+ 

.60 

1.76 

24 

35 

2.8 

+ 

.16 

•47 

3-5 

^^ 

.20 

•59 

2.8 

— 

.16 

•47 

6 

>i.5 

6.6 

+ 

.38 

I.  II 

26 

10.8 

6.4 

+ 

.36 

1.06 

4.8   - 

27 

•79 

5^1 

^^ 

•29 

•85 

93.  Remarks  on  the  tables. — Perhaps  the  most  expeditious  way  of 
digesting  this  large  body  of  observations  is  to  plot  them  graphically 
(as  above,  figs.  58-61)  in  relation  to  time.  This  was  carefully  done 
throughout,  and  the  statements  now  to  be  made  refer  to  this  summary. 
It  is  not  probable  that  positive  and  negative  ions  will  show  the  same 
fluctuations  in  number,  but  a  general  similarity  in  the  trend  of  the 
curves  may  be  anticipated. 

Beginning  with  August,  1905,  the  positive  and  negative  ionizations 
usually  vary  in  the  same  sense,  though  rarely  in  the  same  absolute  magni- 
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tude.  There  being  but  two  observations,  as  a  rule,  for  the  day,  the  nature 
of  the  fluctuations  is  not  referable  to  periods;  and  indeed  there  is  as 
liable  to  be  a  rise  as  a  fall  of  values  during  the  middle  hours  of  the  day. 
Towards  the  end  of  the  month  and  in  the  beginning  of  September  there 
is  an  absence  of  agreement  in  the  march  of  positive  and  negative  ioni- 
zations. Frequently  the  variation  of  one  ionization  is  apt  to  lag  behind 
the  other. 

After  the  7  th  of  September  the  positive  and  negative  variations 
tend  to  take  the  same  sign  again,  but  the  agreement  in  the  course  of  a 
month  is  less  marked  than  before. 

In  October  the  earlier  observations  are  as  a  rule  in  the  same  phase  until 
October  10,  where  the  first  of  a  series  of  anomalies  occurs,  to  be  specially 
considered  later  (section  94).  While  the  data  throughout  the  remaining 
part  of  October  are  regular,  there  are  similarly  displaced  variations 
towards  the  end,  which  run  quite  into  the  next  month. 

During  November  similarity  of  variation  of  the  positive  and  negative 
ionization  may  still  be  recognized,  but  in  December  the  divergence  of 
data  is  so  marked  that  it  is  not  possible  to  coordinate  them ;  and  the  same 
discrepancy  shows  itself  in  January,  both  as  regards  the  signs  of  vari- 
ations and  their  absolute  values.  One  may  note,  moreover,  that  the 
positive  curve  (the  observations  for  which  were  first  taken)  is  more 
irregular  in  its  march  and  fluctuates  between  relatively  enormous  values. 
Though  there  is  some  agreement  in  phase  between  January  18  and  25, 
the  anomalies  increase  again  at  the  close  of  the  month. 

The  attempt  was  therefore  made  in  February  (section  94)  to  account 
for  and  remove  these  discrepancies,  and  though  this  was  but  partially 
successful,  the  positive  and  negative  results  during  the  remainder  of  the 
season  again  return  to  an  unmistakable  agreement  in  character.  There 
is,  moreover,  a  curious  parallelism  between  the  general  march  of  the 
nucleation  curves  and  the  ionization  after  February  15  as  far  as  March. 
In  the  latter  month  the  positive  and  negative  ionizations,  though  at  first 
fluctuating  and  uncertain,  are  finally  in  very  close  agreement. 

From  what  has  been  stated  it  appears  that  the  positive  results  during 
December  and  January  are  liable  to  be  untrustworthy.  The  negative 
results,  which  were  taken  after  the  positive,  show  less  irregular  fluctua- 
tion and  are  in  a  measure  acceptable  throughout  the  eight  months  of 
observation. 

94.  Errors  of  measurement. — ^The  abnormal  data  during  the  occurrence 
of  cold  weather,  and  as  a  rule  in  December  and  January,  show  that  some 
grave  error  must  here  have  crept  into  the  results.  As  every  part  of  the 
condenser  and  appurtenances  functioned  faultlessly,  this  error  is  liable 
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to  be  found  in  the  galvanoscope.  Changes  of  temperature  produce  vorti- 
cal currents  in  the  capsule  which  modify  the  deflections  of  the  aluminum 
foils.  In  the  mean  ranges,  one  scale  part  of  double  deflection  is  equivalent 
to  about  6  volts,  or  to  i  ,000  ions  per  cubic  centimeter.  Therefore,  the 
presence  of  any  secondary  disturbance  like  the  one  in  question  is  of  very 
serious  consequence.  Prior  to  measurement,  the  apparatus  was  naturally 
left  in  the  cold  air  out  of  doors  until  temperature  uniformity  was  pre- 
sumable; but  this  is  not  sufficient,  as  the  special  observations  in  the 
early  part  of  February  show,  even  for  a  galvanoscope  dried  with  sodium. 

Turning  first  to  the  leakages  due  to  conduction,  etc.  (v  in  the  above 
equation),  direct  experiments  made  at  difiEerent  times  showed  values  of 
0.073,  0.067,  0.120  volt  per  minute,  or  less  than  0.9  volt  for  the  ten 
minutes  of  observation.  This  is  equivalent  to  an  excess  of  150  ions  per 
cubic  centimeter.  As  it  is  applied  equally  to  the  positive  and  to  the 
negative  ions,  is  independent  of  the  size  of  the  deflections,  and  the  same 
no  matter  whether  the  deflections  on  both  sides  are  equal  or  not,  it  has 
no  bearing  on  the  outstanding  errors  in  question.  It  was  not  deducted 
from  the  ionizations  (»)  of  table  53,  which  are  therefore  slightly  too  large. 

Trials  made  between  February  4  and  1 1  showed  that  in  almost  every 
case  the  first  measurements  (whether  for  positive  or  negative  ions),  even 
after  the  galvanoscope  had  been  exposed  to  the  cold  air  for  some  time,  are 
too  large.  This  discrepancy  may  at  times  extend  to  the  second  and  third 
observations  (February  6,  9,  11).  Thus  on  February  9  the  estimated 
positive  ionization  would  be  a  thousand  and  zero,  for  instance.  Usually, 
however,  the  second  and  third  observations  are  liable  to  be  trustworthy 
(February  6,  10,  11,  etc.).  Hence  electroscopic  apparatus  which  can  not 
be  left  permanently  out  of  doors,  but  is  taken  from  a  warm  room  into 
the  cold  atmosphere,  even  if  it  is  sodium  dried,  is  not  liable  to  show  war- 
rantable results  after  mere  waiting  for  tmiform  temperature.  It  seems 
additionally  necessary  to  pass  a  large  volume  of  cold  air  through  the 
condenser,  or  to  make  successive  measurements  in  series.  The  observer 
is  usually  in  doubt,  whenever  the  positive  and  negative  ionizations  differ 
widely,  so  that  at  least  three  tests  must  be  made.  The  tendency  of  the 
apparatus  to  show  spurious  results  is  usually  indicated  by  an  inequality 
of  deflections  of  the  foils  on  either  side  of  the  vertical.  They  may  increase 
to  a  maximum  after  charging  and  then  decrease  regularly.  The  latter 
probably  finds  an  explanation  in  the  gradual  cessation  of  a  down-pouring 
cold  air  current  near  the  sides  of  the  capsule  of  the  galvanoscope,  but  the 
persistence  of  unequal  deflections  must  follow  from  other  causes.  Re- 
membering that  the  air  is  desiccated  internally  with  metallic  sodium,  it 
seems  hardly  creditable  that  there  can  be  a  precipitation  of  moisture 
from  this  dried  air  on  the  aluminum  foils;  and  yet  the  behavior  is  such 
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as  if  a  moisture  gradient  from  the  foil  nearest  the  sodium  to  that  more 
remote  were  permanently  maintained.  In  such  a  case  there  would  be 
slight  but  unequal  precipitation  of  vapor  on  the  two  foils,  in  an  apparatus 
passing  from  warm  to  cold,  and  persistence  would  be  due  to  freezing. 
The  only  other  explanation  is  the  possibility  of  charges  on  the  very  cold 
glass  and  on  other  insulators  which  can  not  be  earthed. 


95.  Mean  daily  ionization. — As  in  the  preceding  case,  the  observations 
were  now  averaged  for  single  days.  The  results  are  given  in  detail  in  table 
52.  If  given  in  the  charts  with  the  number  of  ions  in  thousands  per 
cubic  centimeter  laid  oflE  vertically,  very  Uttle  that  is  new  may  be 
taken  from  these  figures,  and  they  are  therefore  omitted.  They  serve, 
however,  as  a  basis  for  the  monthly  ionizations  which  follow,  and  in 
comparing  the  ionizations  with  the  nucleation  of  the  atmosphere  these 
charts  are  useful.  Thus,  it  would  be  difficult  to  detect  synchronism 
in  August,  September,  October,  November,  December;  but  from  the 
middle  of  January  to  the  end  of  February  suspicions  of  this  kind  would 
be  justified. 

Tablb  53. — Mean  daily  ionizations  corresponding  to  table  51. 


Positive 

Nepitive 

Positive 

Negative 

Positive 

Negative 

Date. 

ions. 

ions. 

Date. 

ions. 

ions. 

Date. 

ions. 

ions. 

n  X  ID-' 

n  X 10-' 

n  X  10-' 

»Xio~* 

H  X  10-' 

n  X  ID-' 

1905. 

1905. 

1905. 

July  26 

0.90 

•   •   •  « 

Aug.  28 

0.55 

0.73 

Sept.  29 

0.79 

0.72 

29 

.93 

0.85 

29 

•74 

.69 

30 

.46 

•36 

*      3' 

1.30 

.76 

30 

•78 

.66 

Oct.    2 

•34 

•41 

Aug.  I 

•73 

.89 

^       31 

.75 

.82 

3 

•95 

.64 

2 

1.07 

•73 

Sept.  I 

1.02 

•73 

4 

.54 

.65 

3 

1.24 

.82 

2 

.62 

.49 

5 

•41 

1. 00 

4 

.66 

.76 

4 

.88 

1. 10 

6 

1. 15 

1.66 

5 

•73 

•98 

7 

.85 

.79 

7 

.84 

.85 

7 

1.58 

1.34 

8 

131 

134 

9 

2.12 

.80 

8 

•91 

.52 

9 

1. 17 

.88 

10 

•58 

1.07 

9 

1 .20 

•75 

II 

•49 

.58 

II 

.69 

1. 10 

10 

1.29 

1 .04 

12 

1.07 

•44 

12 

.79 

1-39 

II 

1. 21 

.88 

13 

.75 

.59 

13 

•42 

.99 

12 

.96 

1.05 

14 

1.45 

1. 18 

14 

1. 01 

.94 

H 

2.05 

1.85 

15 

1.34 

94 

16 

.61 

.51 

15 

^•59 

1.42 

16 

1.05 

.41 

17 

1. 14 

.86 

16 

1.52 

1.04 

18 

I  43 

•67 

18 

•44 

.38 

17 

'•52 

1.27 

19 

.92 

•34 

19 

.91 

1. 01 

18 

1.45 

^•52 

20 

.69 

•45 

20 

1.08 

.39 

19 

1.67 

^•52 

21 

1.08 

.73 

23 

.89 

1. 21 

21 

1.29 

.93 

22 

.39 

•42 

24 

.40 

•43 

22 

.78 

.87 

23 

1.30 

1 .29 

25 

.64 

.99 

23 

1.43 

1.52 

25 

1. 14 

1.65 

26 

1.04 

1.76 

24 

.87 

.96 

26 

.95 

1. 12 

27 

.97 

1.08 

25 

I -13 

.78 

27 

•47 

.52 

30 

.79 

1. 12 

26 

1.45 

I.  21 

28 

1. 00 

.85 

31 

.44 

1-39 

ATMOSPHERIC    IONS. 


I  S3 


TablS  53.— Mean  daily  ionizations  corresponding  to  table  51.— Continued. 


Positive 

Negative 

Positive  Neg 

ative 

Positive 

Negative 

Date. 

ions. 

ions. 

Date. 

ions.    io 

ns. 

Date. 

ions. 

ions. 

n  X  iQ-' 

n  X  iQ-' 

nxior*    nx 

io-» 

IIXIO-* 

WXIQ-* 

1905. 

1905. 

1906. 

Nov.  I 

1.29 

0.73 

Dec.  21 

1.26    0. 

78 

Feb.  9 

0.87 

0.63 

2 

1. 12 

1.59 

1906. 

10 

•83 

•59 

3 

.65 

•45 

Jan.  I 

1. 91 

76 

II 

1 .39 

.93 

4 

•35 

.38 

2 

4.51    » 

21 

12 

1.36 

I. II 

6 

1.20 

•50 

3 

1.60 

70 

13 

•85 

•50 

7 

1. 01 

1. 16 

4 

.86 

55 

14 

•59 

.38 

8 

.88 

•50 

5 

1.84    I. 

77 

15 

.94 

.52 

9 

•38 

1.85 

6 

1.72 

94 

16 

1.05 

.89 

10 

.55 

50 

8 

3.01    I. 

14 

17 

.70 

.38 

II 

.72 

1. 13 

9 

1.66 

75 

19 

.76 

.65 

13 

.60 

•97 

10 

1 .  78 

23 

20 

'•i3 

.60 

14 

1.65 

•91 

II 

1.83 

55 

21 

•91 

.71 

16 

.56 

1. 14 

12 

.89 

55 

23 

I  •15 

1. 00 

17 

.53 

1.05 

13 

3^15 

75 

23 

1. 00 

•79 

18 

.76 

1.74 

15 

1. 13     I. 

00 

36 

1.34 

.97 

20 

.29 

I  35 

16 

1.03 

47 

27 

1. 17 

•73 

21 

.64 

1.04 

17 

1. 17 

60 

38 

151 

1. 01 

22 

.80 

1. 13 

18 

.87 

23 

Mar.  I 

1.39 

1.04 

23 

1. 00 

•31 

19 

1.36 

99 

3 

.81 

.75 

24 

.46 

•43 

20 

.83 

56 

3 

•71 

1-57 

27 

I.  ID 

.74 

22 

1.05 

96 

5 

1.78 

.93 

28 

•55 

.86 

23 

I. II 

47 

6 

.88 

•65 

Dec.  4 

.66 

1.35 

24 

I. 41    I. 

62 

7 

1.34 

.76 

5 

2.08 

1.57 

25 

1.54 

71 

8 

1.63 

•71 

6 

1.03 

•55 

26 

1.70 

40 

10 

•95 

•47 

7 

1.76 

.76 

27 

1.30 

56 

13 

1. 17 

1. 14 

8 

1. 41 

.39 

29 

3.18 

94 

13 

1. 00 

.60 

9 

1. 12 

1. 00 

30 

.83 

95 

14 

•79 

•50 

II 

1.25 

.82 

«.  3' 

1.45   I 

17 

15 

1. 17 

1.05 

12 

132 

.61 

Feb.  I 

1.50 

.72 

16 

1.38 

1.09 

13 

1.60 

1. 16 

2 

2.03 

79 

17 

•41 

.44 

14 

.32 

•79 

3 

1.05 

.69 

19 

1. 05 

1.09 

15 

2.15 

•79 

4 

•93    I 

.18 

30 

•57 

•73 

16 

2.41 

.57 

5 

1.50 

23 

33 

.84 

.88 

18 

1. 41 

•49 

6 

•83 

37 

23 

1.32 

1. 13 

19 

1. 18 

1.58 

7 

1.03    I 

04 

24 

•47 

•47 

20 

1.07 

.81 

8 

•94    I 

03 

36 

1.06 

.85 

96.  Mean  monthly  ionizations  and  conclusion. — ^The  straightforward 
way  of  arriving  at  a  conclusion  as  to  the  presence  or  absence  of  a  relation 
between  the  nucleation  and  the  ionization  of  the  atmosphere  consists 
in  comparing  the  average  monthly  values  for  both  cases.  This  is  done 
in  table  53,  and  graphically  in  fig.  62. 

The  curve  showing  the  distribution  of  negative  ions  is  probably  the 
more  trustworthy,  as  these  observations  were  made  last.  The  positive 
distribution  curve  is  too  high  in  December  and  January  for  the  reasons 
already  stated,  and  its  more  probable  course  during  these  two  months  is 
indicated  by  the  dotted  line.    It  seems  exceedingly  curious  that  whereas 


154 


VAPOR   NUCLEI    AND   IONS. 


the  fluctuations  of  positive  and  negative  ionization  in  successive  obser- 
vations, on  the  same  or  on  succeeding  days,  usually  show  the  same  sign, 
although  not  the  same  absolute  value,  this  is  not  in  general  the  case 
with  the  monthly  ionizations.  The  two  curves  of  fig.  6a  throughout  the 
greater  part  of  their  course  vary  in  opposite  directions. 

Tabls  53. — Mean  monthly  ionizations, 
corresponding  to  table  51. 


Positive 

Negative 

Date. 

ions. 

ions. 

n  XioH 

n  Xior-* 

1905. 

Aug. 

1. 16 

1.02 

Sept. 

.95 

.78 

Oct. 

.80 

.94 

Nov. 

.77 

.96 

Dec. 

1.38 

.88 

1906. 

Jan. 

1.58 

.80 

Feb. 

1.09 

•73 

Mar. 

1.03 

.84 

Compared  with  the  uniform  curve  for  nucleation  the  appearance  of 
the  ionization  curve  is  sufficiently  distinctive.  One  might  perhaps  be 
inclined  to  refer  the  dip  in  the  negative  curve  between  November  and 
February  to  the  more  marked  ** absorption"  of  the  negative  ions  by  the 
increasing  nucleation.  But  the  two  curves  are  not  sufficiently  similar 
and  there  is  no  reason  why  the  absorbed  ion  should  fail  to  have  a  record 
in  the  condenser.  The  only  conclusion  to  be  drawn  from  the  results 
for  the  distribution  of  either  the  positive  or  the  negative  ions  is  this, 
that  there  is  no  discernible  relation  between  the  number  of  ions  and 
the  number  of  Aitken  nuclei  present  in  the  atmosphere  at  any  time,  or 
that  the  two  distributions  result  from  entirely  distinct  causes.  The 
ionization  of  a  given  region  is  independent  of  artificial  local  contribu- 
tions, however  abundant  these  may  be. 


CHAPTER  VI. 

THE  VARIATIONS  OF  THE  COLLOIDAL  NUCLEATION  OF  DUST-FREE  AIR 

IN  THE  LAPSE  OF  TIME 

97.  Introductory. — Above  (Chapter  I,  section  26,  et  seq.)  and  in  my 
address*  before  the  Physical  Society,  I  gave  an  accotint  of  observa- 
tions made  several  times  daily  since  May  9,  1905,  in  a  search  for  the 
possible  occurrence  of  an  ultra-mundane  radiation.  The  work  was 
there  summarized  as  follows: 

Using  the  most  sensitive  condensation  method,  t.  e.,  that  depending  on  the  depres- 
sion of  the  limiting  asymptote  of  non-energized,  dust-free  air,  no  change  of  the  quality 
of  scrupulously  filtered  atmospheric  air  has  thus  far  been  detected.  .  .  .  Naturally  [ions] 
would  vanish  during  the  slow  passage  of  air  through  the  filter,  but  fresh  ions  should  be 
reproduced  within  the  fog  chamber  by  the  same  agency  which  generates  them  without.  .  .  . 
Probably,  therefore,  the  coronal  method  is  as  yet  inadequately  sensitive  to  cope  with 
variations  of  the  small  nucleations  specified. 

The  ions,  which  are  relatively  large  nuclei,  withdraw  much  of  the 
available  moisture  which  would  otherwise  be  precipitated  on  the  col- 
loidal nuclei  of  dust-free  air.  Hence  the  size  of  the  terminal  corona  is 
diminished.  The  advantage  of  the  method  is  its  independence  of  the 
drop  in  pressure  if  this  exceeds  a  certain  value. 

Since  the  discovery  announced  by  A.  Wood  and  A.  R.  Campbellf  on 
the  probability  of  cosmical  radiation  as  evidenced  by  the  existence  of  a 
daily  period  of  the  same,  showing  maximum  ionization  between  8  and 
10  A.  M.  and  10  p.  M.  and  i  a.  m.,  minimum  ionization  at  about  2  p.  m. 
and  4  A.  M.,  I  have  taken  the  subject  up  again.  It  seems  possible  that  I 
overestimated  the  sensitiveness  of  the  earlier  method.  I  have  therefore 
changed  it  in  the  present  experiment,  replacing  the  large  terminal 
coronas  by  the  small  coronas  very  near  the  fog  limit. 

98.  M^hod  and  data. — The  observations,  in  other  words,  are  now  made 
with  a  drop  in  pressure,  but  just  sufficient  to  produce  coronal  condensa- 
tion on  the  larger  colloidal  nuclei  of  dust-free  air  {dp  =^21  cm.).  The 
sizes  of  coronas  vary  rapidly  with  the  pressure  difference  and  hence  with 
the  barometer,  p,  etc.,  and  great  care  must  be  taken  with  these  details. 
This,  however,  has  been  done  and  the  results  obtained  are  given  in  table 
54  and  in  the  chart  (fig.  64). 

*  Physical  Review,  xxu,  p.  105,  1905;  also  p.  109,  on  Radiant  fields. 

t  Nature,  vol.  73,  p.  583,  1906. 
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The  table  gives  the  angular  diameter  (5)  of  the  sucoessiye  coronas, 
and  other  data  to  be  presently  explained,  from  which  the  number  of 
nuclei  (n)  per  cubic  centimeter  may  be  obtained.    Observations  were 


variatioiis,  observed  two  or  more  times  daily,     dp 

-27  i 

cm. 

(observed  at  fog  dmmbi 

isothermally)-^-^,.    Computed  d^-^-^, -21 

cm. 

Date. 

Time. 

P-K 

s. 

P- 

x». 

«  X  IO~*. 

1906. 

wwm             ^^V» 

May       31 

9    30 

27.4 

36 

76.4 

32 

9.7 

13         0 

26.7 

2.1 

•  • 

•  • 

2.8 

6.1 

5     30 

27.3 

30 

.3 

2.7 

5-9 

22 

9     15 

.1 

2.9 

•7 

3.» 

8.5 

3    00 

•3 

31 

.6 

3.0 

7.7 

23 

9     15 

3 

2.9 

.4 

2.7 

6.1 

3     15 

•5 

4-4 

.1 

3.7 

16 

24 

9    30 

.0 

2.8 

.0 

2.8 

6.3 

4    00 

.1 

3.5 

75 

.8 

3.2 

9.7 

25 

9     fX> 

.2 

4-3 

.6 

3.8 

18 

26 

8    50 

•4 

4-9 

•4 

4.0 

19 

3     10 

.2 

4.9 

.3 

4.2 

22 

27 

10     25 

.1 

4.2 

.2 

3.6 

15 

4     25 

.1 

4-9 

.0 

4.2 

22 

28 

9      5 

27.3 

5-2 

75 

.0 

4-2 

22 

3    45 

.1 

5.4 

74 

9 

4.6 

30 

29 

II     00 

.  I 

4.9 

75 

.1 

4-2 

22 

3     50 

.  I 

4  9 

.2 

4  3 

25 

30 

8     50 

.  I 

3.9 

9 

2.7 

6 

3     10 

3 

3.9 

.8 

3-3 

II 

31 

9     30 

.0 

30 

■9 

2.9 

7 

2     45 

.0 

4.5 

.6 

4-3 

25 

June        I 

9     30 

.3 

3.9 

.7 

3.4 

12 

2     45 

26.9 

3  9 

•   • 

B      • 

3  9 

17 

2 

9       5 

27.0 

3-7 

.6 

3.5 

>3 

2     45 

.1 

3-7 

.6 

3  3 

II 

3 

ID      GO 

.3 

4.9 

9 

4.4 

26 

4     30 

.2 

4.2 

9 

3.8 

18 

4 

8     30 

27.1 

31 

76 

4 

30 

8 

3     35 

.3 

4.3 

.2 

4.0 

19 

5 

9     20 

.  I 

3  9 

75 

9 

3-7 

16 

3     20 

.  I 

4.2 

6 

3.8 

18 

6 

ID        6 

.  I 

50 

I 

4.3 

24 

3     20 

.2 

5.9 

74 

8 

4.9 

37 

7 

9     10 

.3 

4.9 

75 

6 

4.2 

22 

3     45 

.3 

4.8 

9 

4.3 

25 

8 

9     25 

I               3-6      1 

76: 

2 

3.6 

15 

2     45 

.4 

4.6 

0 

4.0 

19 

9 

9      ID 

.3 

5.0 

75. 

5 

4-3 

25 

2    45 

26.9 

3  5 

0 

3.1 

8 

8     15 

27.3 

5.1 

I 

4» 

20 

9     20 

.3 

5.1 

3 

4.2 

22 

10 

9     55 

.3 

5.1 

2 

4-3 

25 

3     15 

.3 

5.6 

0 

4.6 

30 

6     15 

.3 

5.1 

I 

4-3 

25 

II 

8     40 

.2 

4-9 

5 

4-3 

25 

2     55 

.  I 

42 

!6 

3.8 

18 
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TablB  54,  continued. — Colloidal  nucleation  (s)  of  dust-free  air  near  the  fog  limit  in 
their  time  variations,  observed  two  or  more  times  daily.  dp»  27  cm.  (observed  at  fog 
chamber,  isothermally ) "P-p^    Computed  dp^p-p^^  21  cm. 


Date. 

Time. 

P-Pt' 

s.               p. 

s\ 

WXIQ-*. 

1906. 

fi.    III. 

June   II 

6   5 

0.1 

3.6      0. 

8 

3.3 

II 

12 

8  45 

27.1 

3.0     76. 

3 

3- 

0 

8 

12  00 

.2 

3.4 

3 

3. 

3 

II 

3  00 

.0 

2.8 

2 

2. 

9 

7 

13 

9  00 

.  I 

2.5 

7 

2. 

7 

6 

II  40 

.  I 

2.5 

7 

2. 

7 

6 

2  35 

.2 

3.0 

6 

3. 

0 

8 

6   5 

.2 

3-5 

5 

3- 

5 

13 

»4 

9  35 

.2 

3-9 

2 

3. 

7 

16 

12  20 

.0 

2.9 

0 

2. 

9 

7 

3  30 

.2 
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made  at  about  9  a.  m.  and  3  p.  m.,  as  near  the  time  of  the  Wood  and 
Campbell  maxima  and  minima  as  my  duties  permitted,  on  the  successive 
days  and  hours  given  by  the  abscissas. 


99.  Deductions. — Figure  64  shows  in  the  first  place  that,  in  general, 
minima  and  maxima  of  nucleation  would  have  to  appear  at  about  the 
time  at  which  Wood  and  Campbell  observed  maxima* and  minima, 
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an  explanation  on  similar  lines  to  the  ideas 


respectively;  or  that  an 
iaveraon  of  Wood  and 
Campbell's  results  is  a 
question,  since  there  is 
usually  incremented  nu- 
cleation  in  the  afternoon 
as  compared  with  the 
morning.  This,  however, 
may  be  explained,  if  the 
ions  are  large,  even  in 
comparison  with  the 
lar^ter  gradations  of  col- 
loidal nuclei.  Fewer  of 
these  will  therefore  be 
captured  in  proportion 
as  the  ionization  is 
larger.  Hence  the  figure 
shows  at  a  an  apparent 
corroboration  of  Wood 
and  Campbell 's  results; 
at  f  an  omission  or  in- 
version of  the  periods. 
But  the  *'s  are  much 
fewer  in  number,  and  in 
comparison  with  the  am- 
{  phtudeof  thea's,  the*'s 
•  are  frequently  neutral. 
}  In  the  second  place, 

I  the  high  nucleation  dur- 
;  ing  the  period  of  rain  is 
!  noteworthy.  Here,  then, 
I  few  ions  were  present. 
I  As  there  is  a  modification 
1  of  the  atmospheric  po- 
tential gradient  during 
thistime.onemightfavor 
suggested  by  Richardson.* 


100.  Effect  of  the  barometer. — In  the  further  development  of  the 
investigation  on  the  time  variations  of  the  efficient  colloidal  nucleation  in 
filtered  air,  the  results  are  of  the  same  character  as  those  already  dis- 
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cussed;  but  the  dependence  of  the  nucleation  on  the  fluctuations  of  the 
barometer  now  shows  itself  even  more  obtrusively  than  before.  The 
minima  of  atmospheric  pressure  coincide  with  maxima  of  colloidal 
nucleation,  and  therefore  (by  inference  but  not  necessarily)  with  minima 
of  ionization  of  the  dust-free  air,  both  in  the  daily  and  in  the  weekly 
periods  of  observation.  Maximum  pressure,  therefore,  would  correspond 
to  maximum  ionization  as  if  the  radiant  energy  originated  in  the  com- 
pression of  the  atmosphere,  or  were  dependent  on  the  mass  of  the  atmos- 
phere bearing  on  a  given  place.  This  would,  if  finally  substantiated,  be 
an  important  inference,  but  no  more  so  than  the  more  direct  correlative 
result  that  minimum  pressure  and  maximum  colloidal  nucleation  of  dust- 
free  air  go  together. 

At  the  same  time,  since  the  change  of  absolute  temperature  (t)  due 
to  a  sudden  expansion  equivalent  to  a  drop  {dp)  at  a  barometric  pressure 
(/>)  and  vapor  pressure  (;r)  may  be  written 

the  correction  for  the  changes  of  the  barometer  are  in  the  same  sense  as 
the  observed  changes  in  nucleation.  These  corrections  are  found  by 
varying  the  numerator  of  dpj  (p  -  n)  and  observing  the  effect  on  the 
angular  diameter  of  the  corona.  While  I  can  see  no  room  for  error,  it 
must  nevertheless  be  acknowledged  that  the  present  method  of  small 
exhaustion,  though  possibly  more  sensitive,  is  not  as  straightforward 
as  the  method  mentioned  in  my  address,  where  no  variation  could  be 
detected,  the  terminal  corona  remaining  unchanged. 

At  the  present  stage  of  investigation,  therefore,  the  need  of  any 
external  radiation  has  ceased  to  be  obvious;  and  the  results,  if  they 
exceed  the  barometer  correction,  are  most  directly  referable  to  changes 
of  pressure  within  the  gas,  the  number  of  colloidal  nuclei  being  greatest 
when  the  pressure  is  least. 

101.  Corrections. — In  table  54  and  the  following  table  55,  p  is  the 
barometric  pressure ;  p^  the  final  pressure  when  fog  chamber  and  vacuum 
chamber  are  in  communication;  />,  the  (computed)  pressure  which  would 
be  observed  in  the  fog  chamber  if  it  could  be  instantly  separated  from 
the  vacuum  chamber  after  exhaustion.  Hence  the  true  drop  in  pressure 
is  J/> = />  -  />,  while  J/> =/>-/>,  is  observed.  The  initial  pressure  {p)  differs 
from  the  atmospheric  pressure  by  a  few  millimeters,  due  to  the  leakage 
of  the  4-inch  stopcock  from  fog  chamber  to  vacuum  chamber.  As  it  is 
impossible  to  retain  the  same  value  of  p  and  dp  throughout,  a  correction 
must  be  applied,  seeing  that  the  adiabatic  cooling  is  given  by  t,/ti»- 
{i-ip/ip-  ;r))^~*^^*,  where  k  is  the  vapor  pressure  of  water.    By  varying 
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dp  from  a6  td  28  cm.  and  observing  the  changes  of  5  (angular  coronal 
diameter)  when  p  is  constant,  a  table  was  investigated  from  which 
reductions  could  at  once  be  made  to  dp==2'j  cm.  and  p''j6  cm.;   for 

instance, 


a/>-26.8 

cm. 

ds- 

-+0.54 

p 

-75^ 

^x  -  -  0.1 1 

26^ 

+    .17 

75^ 

-    J06 

2yjo 

•f    JOO 

76x> 

•f    xx> 

27.1 

"  .15 

76.1 

•f  J06 

27.2 

-  .30 

76.2 

+  .11 

The  value  of  5  corrected  for  both  pressures  is  given  in  this  table. 

In  the  same  way  the  case  of  apparatus  II  (to  be  described  presently) 
was  treated,  the  reductions  being  much  larger  here.  Thus  the  data 
(barometer,  75.5;  temperature,  21.4®  C.) 


dp  ^24^ 

f-1.7 

a/»-25^ 

1-3  J 

25^ 

3.6 

26.2 

5.2 

264 

5^ 

25^ 

2^ 

24-8 

IX> 

were  consecutively  observed,  showing  that  the  coronas  after  long  waiting 
are  much  larger  than  when  obtained  in  succession.  The  efficient  nuclea- 
tion  of  the  fog  chamber  increases  in  the  lapse  of  time,  probably  from  the 
evanescence  of  water  nuclei  associated  even  with  small  coronas.  Prom 
these  results  corrections  of  the  form 


d^-25.5 

^J  -i   +  0.27 

^-75^ 

ds^-ojoS 

25^ 

+       JOO 

76JO 

•f  xx> 

25.7 

+  ^7 

76.1 

•f   JoS 

were  made  out.  These  examples  show  how  critically  important  these 
corrections  are,  and  how  difficult  it  will  be  to  decide  whether  anything 
more  than  the  barometer  fluctuation  is  being  observed. 

102.  Further  data. — It  follows  from  section  loi  that  there  would  be  a 
chance  for  error  in  the  unavoidable  leakage  of  the  stopcock,  and  the 
best  method  of  coming  to  a  decision  would  consist  in  the  installation  of  a 
second  fog  chamber,  side  by  side  with  the  other,  but  containing  a  smaller 
exhaust  pipe  (2  inches  in  diameter,  18  inches  long)  and  therefore  a  more 
perfect  stopcock. 

Fig.  65  shows  two  fog  chambers  (F  and  F')  and  appurtenances  in  place, 
each  with  an  independent  vacuum  chamber  (Vand  V)  and  goniometer. 
Other  parts  will  be  easily  recognized. 

Table  55  and  chart  66  contain  the  new  data,  the  old  fog  chamber 
(4-inch  cock)  being  marked  I,  the  new  fog  chamber  (a-inch  cock), marked 
II.    The  latter  was  first  tested  at  diflEerent  values  of  dp,  and  ^^p  — 25.6 
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Pio.  65.— Independent  fog  chambers  with  3-intii  and  4-iiich  efflux  side  by  side. 
Vacuum  chambers,  V  aod  V;  fog  chambers,  F  and  F". 

finally  selected.  At  the  outset  the  values  of  s  may  be  uncertain,  because 
of  internal  sources  of  nucleation  and  similar  difficulties. 

Four  observations  were  usually  made  daily.  Data  corresponding  to 
I  and  II  are  distinguished  by  subscripts,  and  those  of  II  were  usually 
observed  about  five  minutes  after  the  time  given  for  I.  One  may  note 
the  much  greater  efficiency  of  the  apparatus  with  a-inch  pipes  as  com- 
pared with  the  other  with  4-inch  pipes,  the  reason  for  which  is  not  easily 
seen.  As  a  whole  the  observations  for  apparatus  I  during  the  end  of 
June  and  the  beginning  of  July  run  parallel  to  the  barometric  decrement, 
and  the  astonishingly  high  values  on  June  39  and  jooccur  during  a  period 

TabuB  55.— Colloidal  nuclealions  near  the  fog  limit  in  their  lime  variations.  Fog  cham- 
ber 1  with  4-inch  exhaust  pipes;  ip-p- p,—2i  cm.;  II  with  1-inch  exhaust  pipes; 
ip-p-  Pfm,i^jb  cm.;  p-p,-it  cm.  and  lo  cm.,  napKtivtiy. 
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Fig.  66.— Data  of  fig.  64  continued  for  t^pantus  I  (fog  duunbc  wHIi  4-iiich  pipo) 
and  apparatus  II  (fog  duunber  with  a-indi  pipe*),  adjuited  for  difiFeiait  exhaus- 
tions (dp  -37.3  and  23JS  cm,  icspectiTcly).    Table  55. 

of  exceptionally  low  barometer.    The  daily  details  of  the  barometer  are 
not  as  a  rule  reproduced. 

In  case  of  apparatus  II,  tf  the  initial  observations  j^  — 37.4  be  over- 
looked, the  data  for  dp  =  26.$  are  not  unlike  magnified  parts  of  the 
corresponding  curve  for  apparatus  I.  The  chief  observations  for  appar 
ratus  II  in  June  (3p  —  a$.6  or  computed  ip—20  just  above  the  fog 
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limit)  do  not  in  their  details,  it  is  true,  agree  with  the  curves  for  appa- 
ratus I,  except  to  some  degree  on  June  29  and  30.  As  a  whole,  how 
ever,  they  also  strikingly  follow  the  march  of  the  decrement  of  the 
barometer.  One  may  note,  moreover,  that  it  is  not  necessary  that  the 
curves  for  apparatus  I  and  II  should  quite  agree.  If,  for  instance,  the 
preponderating  nuclei  in  the  former  case  are  colloidal,  and  in  the  latter 
case  ions,  one  should  expect  an  inverse  curve;  for  the  ions  in  I  would 
decrease  the  number  of  efficient  nuclei,  whereas  in  II  they  would  increase 
their  ntimber.     Decision  must  be  deferred  for  further  observation. 

In  July  the  two  fog  chambers  again  fail  to  agree  in  their  daily  fluctua- 
tions, but  both  nevertheless  follow  the  barometer  closely,  in  their  broader 
variations.  The  different  sizes  of  coronas  imply  different  ratios  of  ions 
and  colloidal  nuclei,  and  hence  detailed  agreement  shotdd  not  be  antici- 
pated. On  July  12  the  fog  chambers  were  subjected  to  modifications 
and  it  was  therefore  concluded  to  terminate  the  preliminary  series  of 
observations  at  that  point,  reserving  further  record  and  comment  for  a 
subsequent  report. 

103.  Conclusion. — It  appears,  therefore,  at  the  present  stage  of  progress 
of  the  investigation  on  the  time  variation  of  the  number  of  larger  colloidal 
nuclei  in  dust-free  wet  air,  that  the  meaning  of  the  above  results  is  not 
1  quite  clear.    The  probable  occurrence  of  an  effect  due  to  anything  like 

cosmical  radiation  may,  however,  be  regarded  as  excluded.    The  nuclea- 
I  tion  curves  vary  in  their  broad  contours  with  the  barometer,  being  a 

!  maximum  when  the  atmospheric  pressure  is  least.    Nevertheless  the  two 

fog  chambers  do  not,  in  their  detailed  variation,  show  appreciable 
accordance ;  rather  the  reverse  of  this,  and  yet  such  a  result  may  be  due 
to  differences  in  the  ratios  of  nuclei  and  ions  entrapped  in  the  differently 
adjusted  chambers.  No.  II  in  the  above  work  (Chapter  II,  section  53) 
shows  apparent  excess  in  the  region  of  ions  as  compared  with  No.  I. 
'  As  a  whole  the  data  for  the  time  variation  can  not  be  regarded  as  quite 

I  trustworthy,  since  the  correction  to  be  added  for  variation  of  baro- 

\  metric  pressure  and  the  drop  of  pressure  are  in  the  same  sense  as  the 

I  residual  effect  observed.    If  some  obscure  factor  in  the  make-up  of  these 

corrections  has  been  overlooked,  the  results  may  possibly  be  attributed 
i  to  it. 

'  From  another  point  of  view  adequate  explanation  is  now  at  hand, 

why  in  the  above  investigations  it  was  found  impossible  to  secure  rea- 
sonably coincident  results  in  the  case  of  those  groups  of  nuclei  which 
.  lie  in  the  region  of  the  larger  colloidal  nuclei  and  of  the  ions;  and  it  is 

I  chiefly  for  this  reason  that  the  results  of  this  chapter  are  included  in  the 

I  present  report. 
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Part  I. 
General  Outline  of  the  Investigation. 


By  Arthur  A.  Noyes. 


Part  I. 

GENERAL  OUTLINE  OF  THE  INVESTIGATION. 


The  investigation  to  be  described  in  the  following  series  of  articles  was 
undertaken  for  the  purpose  of  studying  through  a  wide  range  of  tempera- 
ture, extending  from  18**  to  the  critical  temperature  and  above,  the  elec- 
trical conductivity  of  aqueous  solutions  and  such  other  physical  and  chem- 
ical properties  of  them  as  are  related  to  it  or  can  be  determined  through 
measurements  of  it.  Aside  from  its  direct  physical  significance,  it  is  well 
known  that  the  electrical  conductivity  of  solutions  is  a  property  of  funda- 
mental importance  in  connection  with  the  ionic  theory;  for  it  gives  the 
simplest  and  most  direct  measure  of  the  ionization  of  substances,  upon 
which  their  chemical  behavior  in  solution  depends.  A  full  investigation  of 
this  property  at  all  temperatures  would  therefore  furnish  a  comprehensive 
knowledge  of  the  chemical  equilibrium  of  dissolved  substances  in  water ; 
and  if  supplemented  by  determinations  of  the  solubility  of  solid  salts,  which 
determinations  can  also  be  made  by  measuring  the  conductance  of  their 
saturated  solutions,  a  fairly  complete  basis  for  the  development  of  the 
chemistry  of  aqueous  solutions  of  electrolytes  would  be  obtained. 

A  large  number  of  such  investigations  had  previously  been  carried  out  at 
ordinary  temperatures,  especially  at  0*",  IS*",  and  25'',  and  a  few  of  them  had 
been  extended  to  somewhat  higher  temperatures ;  yet  even  at  100**,  where 
the  results  have  much  practical  importance  owing  to  the  frequent  use  of 
boiling  solutions  and  owing  to  the  fact  that  it  is  the  limiting  temper- 
ature attainable  in  open  vessels,  few,  if  any,  accurate  data  had  been 
obtained  owing  to  the  difficulties  arising  from  evaporation  and  from  con- 
tamination when  glass  vessels  are  used.  This  temperature  has  therefore 
been  selected  in  this  investigation  as  one  of  those  at  which  each  substance 
will  be  studied.  Above  100*  only  a  few  isolated  conductivity  measure- 
ments have  been  published.*  Yet  the  solubility  of  substances  and  their 
chemical  condition  in  solution  at  these  higher  temperatures  is  of  much 
importance,  not  only  from  the  standpoint  of  physical  and  chemical  science, 
but  also  from  that  of  chemical  geology  and  the  chemical  technology  of 
reactions  under  pressure. 

♦Thus  Sack   (Wicd.  Ann.,  43,  212-224,  1891)    investisated  the  conductivity  of 

three  copper  sulphate  solutions  up  to  120**.     Maltby   (Z.  phys.  Chem.,  18,  155. 

1895)  found  that  upon  heatine  up  to  237^  the  conductance  of  an  aqueous  potassium 

chloride    solution    steadily    mminished.     Hagenbach    (Drude's    Ann.,    S,    276-312. 

1901)  observed  a  maximum  in  the  equivalent  conductance  of  a  0.01  normal  KQ 

solution.    In  all  of  these  experiments  the  conductivity  cell  was  made  of  glass  and 

was  necessarily  very  small;  therefore,  owinp^  to  the  solubility  of  glass  at  these 

temperatures  and  to  the  dauiger  of  polarization  of  the  small  electrodes  used,  the 

results  have  little  significance. 
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It  was  not,  however,  primarily  the  direct  value,  however  great,  of  the 
physical  and  chemical  constants. of  specific  substances  at  high  tempera- 
tures that  led  to  this  investigation,  but  rather  the  hope  that,  by  determining 
them  under  widely  varied  conditions  of  temperature  and  pressure,  general 
principles  might  be  established  relating  to  the  influence  of  these  factors  on 
the  migration-velocity  of  ions,  on  the  ionization  of  dissolved  substances  of 
different  types  and  of  water  itself,  on  the  hydrolytic  dissociation  of  salts 
of  weak  acids  or  bases,  and  on  the  solubility  of  substances,  and  that  rela- 
tions might  be  shown  to  exist  between  some  of  these  properties  and  other 
properties  of  the  solvent,  such  as  its  density,  viscosity,  and  dielectric  con- 
stant. Additional  light  might  also  be  thrown  on  the  cause  of  the  complete 
divergence  of  the  change  in  the  ionization  of  largely  ionized  compounds 
with  the  concentration  from  the  requirements  of  the  mass-action  law*  —  a 
divergence  which  constitutes  one  of  the  most  serious  imperfections  of  the 
theory  of  solutions,  and  which  may  well  conceal  a  discovery  of  great 
importance. 

The  first  and  most  difficult  part  of  this  research  consisted  in  the  con- 
struction of  a  conductivity  vessel  composed  internally  of  material  unacted 
upon  by  aqueous  solutions  and  capable  of  withstanding  without  leakage 
the  high  vapor-pressure  of  such  solutions  up  to  the  critical  temperature. 
This  portion  of  the  work  was  carried  out  by  Dr.  W.  D.  Coolidge.  After 
three  years'  continuous  work  upon  this  problem,  the  mechanical  difficulties 
were  overcome  and  a  platinum-lined  bomb  with  insulated  electrodes  was 
constructed  which  remains  perfectly  tight  at  any  rate  up  to  306**,  which 
occasions  only  an  unimportant  contamination  even  in  salt  solutions  as 
dilute  as  ^^^  normal»  which  yields  conductivity  measurements  accurate 
to  0.2  per  cent,  or  less,  and  which  at  the  same  time  makes  possible  specific- 
volume  determinations,  which  are  essential  to  the  interpretation  of  the 
results.  Now  that  a  knowledge  of  the  necessary  mechanical  devices  has 
been  acquired,  the  making  of  such  a  bomb  is  an  easy  task  for  a  skilled 
instrument-maker.  Therefore,  in  Part  II  of  this  publication  will  be  first 
described  in  full  detail,  with  the  help  of  working  drawings,  the  apparatus 
used  in  the  first  measurements,  and  especially  the  construction  of  the 
bomb,  in  order  to  make  it  readily  available  for  investigators  who  desire 
to  pursue  researches  of  the  same  kind  or  those  requiring  similar  apparatus 
(such,  for  example,  as  a  calorimetric  bomb).  This  description,  together 
with  the  results  with  sodium  and  potassium  chlorides  referred  to  in  the 
next  paragraph,  was  published  in  November,  1903,  in  the  Proceedings  of 
the  American  Academy  of  Arts  and  Sciences.f    It  is  reproduced  here,  in 

♦For  a  brief  general  discussion  of  this  matter,  see  Noyes,  Congress  of  Arts  and 
Sciences,  4,  311-323  (1904)  ;  Science,  20,  577-587  (1904)  ;  reviewed  in  Z.  phys.  Chcm., 
52,  634-636  (1905). 

tProc.  Am.  Acad.,  39,  161-219  (1903).  Also  in  Z.  phys.  Chem.,  46,  323-378,  and 
m  somewhat  abbreviated  form  in  J.  Am.  Chem.  See,  26,  134-170. 
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somewhat  revised  form,  for  the  sake  of  completeness  and  on  account  of 
its  close  relation  to  the  new  material  that  is  to  be  presented. 

I  desire  in  this  connection  to  express  my  great  indebtedness  to  the 
American  Academy  for  the  liberal  grants  made  to  me  from  the  Rumford 
Fund  in  the  early  stages  of  the  work. 

During  the  past  four  years  the  work  has  been  continued  under  the 
auspices  of  the  Carnegie  Institution  of  Washington,  and  its  progress  has 
been  largely  due  to  the  assistance  thus  afforded.  I  have  also  been  fortu- 
nate in  having  had  associated  with  me  a  number  of  able  research  workers, 
by  whom  the  work  has  been  prosecuted  on  its  different  sides. 

With  this  apparatus  and  method  in  its  original  form,  conductance  and 
specific-volume  measurements  were  made  by  Dr.  W.  D.  Coolidge  and 
myself  with  two  substances,  sodium  and  potassium  chlorides,  at  various 
temperatures  between  26**  and  306**  and  at  various  concentrations  between 
0.1  and  0.0005  normal.  The  results  of  these  experiments  are  also  pre- 
sented in  Part  II.  Since  their  original  publication  several  corrections  of  a 
minor  character  have  been  applied  to  the  data. 

As  was  to  be  expected  a  number  of  important  improvements  in  the 
apparatus  and  method  suggested  themselves  in  the  course  of  these  experi- 
ments, and  these  were  subsequently  worked  out  by  Dr.  Coolidge,  who 
presents  a  description  of  them  for  the  first  time  in  Part  III  of  this  publi- 
cation. The  method  is  now  being  further  developed  so  as  to  adapt  it  to 
still  higher  temperatures  extending  above  the  critical  one,  where  a  control 
of  the  pressure,  entire  elimination  of  the  vapor  space  in  the  bomb,  and 
measurements  at  small  intervals  of  temperature  will  be  essential. 

Mr.  A.  C.  Melcher  has  made  measurements  with  another  salt  of  the 
uni-univalent  di-ionic  type  (silver  nitrate),  and  has  then  extended  the 
investigation  to  salts  of  other  types  (potassium  sulphate,  barium  nitrate, 
and  magnesium  sulphate),  at  a  series  of  temperatures  up  to  306'',  namely, 
18^  100%  156%  218%  281%  and  306%  The  results  of  these  experiments, 
as  well  as  some  additional  ones  with  sodium  and  potassiiun  chlorides,  are 
presented  in  Part  IV. 

Dr.  H.  C.  Cooper,  Mr.  Yogoro  Kato,  and  Mr.  R.  B.  Sosman  have 
studied  the  conductivity  and  ionization  up  to  218*"  of  certain  acids  and 
bases ;  namely,  of  hydrochloric  and  acetic  acids  and  of  sodium  and  ammo- 
nium hydroxides.  They  have  also  determined  by  conductivity  measure- 
ments the  hydrolysis  of  sodium  acetate  at  218''  and  that  of  ammonium 
acetate  at  100**,  156**,  and  218**,  and  have  calculated  therefrom  at  these 
temperatures  the  ionization-constant  of  water  itself,  upon  which  in  large 
measure  the  phenomenon  of  hydrolysis  depends.  This  work  is  described 
in  Parts  V,  VI,  and  VII ;  the  share  of  each  investigator  being  indicated 
under  the  separate  titles  of  these  parts.  Mr.  R.  B.  Sosman  has  made  an 
entirely  similar  series  of  measurements  at  306""  with  ammonium  hydroxide, 
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acetic  acid,  and  ammonium  acetate,  and  has  derived  from  them  the  ioniza- 
tion of  water  at  that  temperature.  The  results  are  also  presented  in 
Part  VII. 

Mr.  G.  W.  Eastman  has  investigated  a  number  of  other  acids,  namely, 
nitric,  phosphoric,  and  sulphuric  acids,  and  potassium  hydrogen  sulphate, 
and  the  base,  barium  hydroxide,  at  25**  or  28*  intervals  from  18*  to  166*, 
and  has  extended  some  of  these  measurements  and  the  previous  ones  with 
hydrochloric  acid  to  260*  and  306*.  The  data  and  conclusions  in  regard 
to  these  substances  are  presented  in  Part  VIII. 

In  order  to  obtain  at  temperatures  of  0*  to  26*  values  for  the  ionization 
of  water  more  accurate  than  those  previously  existing,  Dr.  C.  W.  Kanolt 
has  studied  by  the  same  conductivity  method  as  was  used  with  ammonium 
acetate  at  higher  temperatures  the  hydrolysis  of  an  ammonium  salt  of  a 
much  weaker  acid,  diketotetrahydrothiazole.  The  results  of  this  work 
are  presented  in  Part  IX. 

Only  a  beginning  has  been  made  in  the  study  of  the  solubility  of  salts 
at  high  temperatures.  Dr.  Wilhelm  Bottger  has,  however,  already  deter- 
mined that  of  three  difficultly  soluble  silver  salts  at  100*,  and  the  results 
are  recorded  in  Part  X. 

It  has  also  seemed  advisable  to  include  in  this  publication  an  account  of 
a  research  carried  out  by  Mr.  Yogoro  Kato  and  myself  with  the  view  of 
determining  the  equivalent  conductance  of  the  hydrogen  ion ;  for  though 
this  consisted  in  transference  experiments  at  20*  with  nitric  acid  of 
various  concentrations,  and  was  thus  distinct  as  far  as  the  method  is 
concerned  from  the  other  researches  to  be  here  described,  yet  the  knowl- 
edge furnished  by  it  has  a  direct  bearing  on  the  interpretation  of  conduc- 
tivity results.  The  investigation  is  described  in  Part  XI.  It  is  entirely 
analogous  to  one  previously  made  with  hydrochloric  acid  by  Noyes  and 
Sammet*  for  the  same  purpose. 

Finally  a  general  summary  and  discussion  of  the  more  important  results 
of  the  whole  series  of  investigations  are  presented  in  Part  XII. 

The  reader  who  is  interested  only  in  the  more  general  conclusions 
drawn  from  the  work  is  recommended  to  turn  at  once  to  this  summary  in 
Part  XII.  Anyone  who  desires  fuller  information  in  regard  to  the  con- 
ductivity and  ionization  of  the  specific  substances  and  to  the  method  of 
discussion  of  the  results  will  find  this  information  as  a  rule  in  the  last 
five  or  six  sections  of  the  separate  parts.  The  earlier  sections  in  each 
part  are  devoted  to  a  detailed  description  of  the  experiments  and  presen- 
tation of  the  original  data,  and  will  be  of  interest  principally  to  investi- 
gators who  desire  to  make  similar  experiments  and  to  those  who  wish  to 
criticize  the  results  or  form  an  estimate  of  their  accuracy. 


♦The  Equivalent  Conductivity  of  the  Hydrogen  Ion  derived  from  Transference 
Experiments  with  Hydrochloric  Acid.  J.  Am.  Chem.  Soc,  24,  944-968  (1902),  or 
Z.  phys.  Chem.,  43,  49-74  (1903). 
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Part  II. 

ORIGINAL  APPARATUS  AND  METHOD.    CONDUCTIVITY  AND  IONIZA- 
TION OF  SODIUM  AND  POTASSIUM  CHLORIDES  UP  TO  306^ 


I.    THE  CONDUCTIVITY  VESSEL  OR  BOMB. 

A  vertical  section  of  the  conductivity  vessel  used  throughout  these  inves- 
tigations is  shown  in  half  size  in  fig.  1.  It  is  a  cylindrical  vessel  A,  with  a 
cover  B,  which  is  held  in  place  by  the  large  nut  C,  A,  B,  and  C  are  made 
of  soft  crucible  steel.  To  prevent  contamination,  the  bomb  is  lined 
throughout  with  sheet  platinum  0.41  mm.  thick.  The  cover  joint  is  made 
tight  by  a  little  packing  ring,  made  of  pure  gold  wire,  which  fits  into  a 
shallow  V-shaped  groove.  As  may  be  seen  in  the  diagram,  the  platinum 
lining,  indicated  by  a  heavy  line,  goes  under  this  ring  and  a  little  distance 
beyond  it,  the  outer  edge  being  fastened  to  the  shell  by  eight  small  steel 
screws,  of  which  two  are  shown.  The  lower  vessel  has  a  capacity  of 
about  122  c.cm. 

The  body  of  the  bomb  serves  as  one  electrode,  connection  being  made 
with  it  by  means  of  the  large  binding  post  on  top  of  the  nut  C.  The 
second  electrode  is  brought  in  through  the  bottom  of  the  bomb  and  is 
insulated  from  the  latter  by  means  of  the  mica  washer  M,  the  air  space 
S,  and  the  quartz-crystal  piece  Q,  The  body  of  this  electrode  is  of 
steel,  but  its  upper  part  is  covered  with  sheet  platinum.  On  the  bottom 
of  the  crystal  piece  is  turned  a  single  sharp  V-shaped  ridge,  and  this 
rests  on  a  flat  gold  washer  w^hich  is  inserted  between  the  crystal  and  the 
bottom  of  the  bomb.  Another  gold  washer  is  placed  between  the  upper 
I)art  of  the  electrode  and  a  second  V-shaped  ridge  turned  on  the  upper 
face  of  the  crystal.  The  nut  N  fitting  on  the  lower,  threaded  end  of  the 
electrode,  draws  the  latter  down,  thus  forcing  the  ridges  of  the  crystal  into 
the  soft  gold  and  making  the  joints  tight.  Z  is  a  brass  washer  which  by 
its  greater  expansion-coefficient  makes  up  for  the  difference  in  the  expan- 
sion, upon  heating,  of  the  quartz-crystal  and  of  that  part  of  the  steel 
electrode  which  lies  within.  The  second  nut,  on  the  lower  end  of  the  elec- 
trode, serves  to  bolt  on  a  small  copper  tag  to  which  the  wire  L^  is  silver- 
soldered.  The  quartz  piece  Q  is  extended  in  the  form  of  a  cup  above  the 
electrode,  so  as  to  increase  the  resistance-capacity  of  the  cell. 

In  the  cover  5  is  a  narrow  cylindrical  chamber  provided  with  an 
"auxiliar>'  electrode,"  which  is  insulated  in  just  the  same  way  as  the  lower 
electrode.  The  purpose  of  this  small  chamber  with  the  auxiliary  electrode 
is  twofold :  first,  it  serves  as  a  safety  device,  showing  that  the  bomb  has 
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not  become  completely  full  of  liquid ;  and  secondly,  it  furnishes  a  means 
of  measuring  the  specific  volume  of  the  solutions.  The  first  provision  is 
necessary  since  the  bomb  is  designed  to  withstand  the  vapor  pressure,  but 
not  the  fluid  pressure  of  the  liquid.  A  knowledge  of  the  specific  volume 
is  required  in  order  to  calculate  the  equivalent  from  the  observed  conduct- 
ance. A  measurement  of  the  resistance  between  L,  and  L^,  together  with 
a  measurement  of  that  between  L, 
and  L„  when  preceded  by  a  calibra- 
tion which  may  be  made  once  for 
all,  shows,  as  will  be  explained 
more  fully  in  section  8,  at  any  time 
after  the  solution  has  expanded  suf- 
ficiently to  come  into  contact  with 
the  auxiliary  electrode,  just  how 
high  the  liquid  stands,  and  therefore 
how  much  vapor  space  remains. 

The  small  platinum  tube  Ti  serves 
to  exhaust  the  air  from  the  bomb. 
The  method  of  doing  this  will  be 
apparent  from  the  diagram  and  the 
following  description.  The  hollow 
screw  K  is  connected  by  means  of 
rubber  tubing  with  a  Richards 
water  pump,  and  is  at  first  raised  so 
J  that  air  can  come  out  under  the 
little  steel  bicycle  ball  which  rests 
on  the  upper  end  of  the  platinum 
tube.  After  the  air  is  removed  until 
a  pressure  gauge  shows  a  pressure 
within  of  about  2  cm.,  and  while  the 
pump  is  still  in  operation,  the  part 
K  is  screwed  down,  thus  forcing  the 
steel  ball  upon  its  seat  and  closing 
the  end  of  the  tube. 
The  solution  comes  into  contact  with  nothing  but  platinum,  quartz- 
crystal,  and  gold,  except  at  the  top  of  the  narrow  tube,  T,,  where  it  may 
touch  the  steel  ball.  The  latter  could  be  gold-plated ;  but  this  has  proved 
unnecessary,  since  there  is  scarcely  any  circulation  through  the  narrow 
tube. 

The  lower  electrode,  as  well  as  the  auxiliary  electrode  and  its  sur- 
rounding tube,  are  well  platinized.  The  body  of  the  lining  is  not  platin- 
ized, since  on  account  of  its  great  surface  this  is  not  necessary. 
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2.    THE  CONDUCTIVITY  MEASURING  APPARATUS. 

The  conductance  was  measured  by  the  ordinary  Kohlrausch-Wheat- 
stone  bridge  method,  using  the  induction  coil  and  telephone.  The  slide 
wire  was  of  platinum-iridium ;  it  was  1  meter  in  length  and  0.4  mm.  in 
diameter.  The  resistance  coils,  2,000  ohms  in  all  (or  4,000  ohms  in  a  few 
measurements),  were  of  manganine.  The  whole  conductivity  apparatus 
was  mounted  on  a  small  jwrtable  table  so  that  it  could  be  moved  about  as 
the  bomb  was  changed  from  one  heating  bath  to  another.  It  was  always 
kept  at  a  distance  from  the  heaters.  No  temperature  correction  needed 
to  be  applied  to  the  resistance  coils.  Heavy  flexible  copper  leads  were 
used  up  to  within  a  few  centimeters  of  the  top  of  the  heaters,  where  they 
were  joined  by  means  of  brass  connectors  to  the  smaller  copper  wires, 
Lj,  Lj,  L3,  coming  from  the  bomb.  A  double-throw  switch  served  to  con- 
nect the  conductivity  apparatus  with  L^  and  L^  or  with  Lj  and  L3. 

3.    THE  HEATERS. 

Conductance  measurements  were  made  at  about  26°,  140**,  218*,  281*, 
and  306*.  The  first  of  these  temperatures  was  attained  by  immersing  the 
bomb  in  a  bath  of  commercial  xylene  contained  in  a  double-walled,  well- 
jacketed,  metal  cylinder.  This  substance  has  the  advantages  that  it  is  a 
good  insulator,  non-corrosive,  and  not  very  volatile,  and  that  the  bomb  can 
be  transferred  from  it  directly,  without  cleaning,  into  the  xylene-vapor 
bath  by  which  the  next  higher  temperature  is  attained.  The  liquid  was 
stirred  by  a  small  propeller,  and  was  heated  electrically  at  will  with  the 
help  of  a  platinum  helix  immersed  in  it. 

For  all  the  higher  temperatures,  vapor  baths  were  employed,  as  these 
furnish  the  only  safe  and  rapid  method  of  heating.  The  temperature 
adjusts  itself  automatically,  and  can  never  rise  much  above  the  ordinary 
boiling-point,  thus  giving  protection  against  overheating  and  undue  expan- 
sion of  the  liquid  within  the  bomb,  which  by  completely  filling  it  might 
cause  it  to  burst.  Moreover,  if  the  bomb  should  spring  a  leak,  it  would 
be  dangerous  in  the  case  of  a  liquid  bath ;  for  the  steam,  escaping  under 
such  pressure,  might  throw  some  of  the  hot  liquid  upon  the  observer. 
Steam  leaking  out  into  the  hot  vapor,  on  the  other  hand,  causes  no  annoy- 
ance further  than  that  arising  from  the  odor  of  the  vapor  and  the  loss  of 
the  material  in  the  case  of  the  expensive  substances.  An  air  bath  would, 
of  course,  not  be  open  to  this  objection;  but  the  heating  would  be  ex- 
tremely slow  and  non-automatic. 

An  elevation  of  one  of  the  heaters  —  all  of  which  were  substantially 
alike  —  with  the  bomb  in  place  is  presented  in  fig.  2.  The  bath  is  made 
of  a  piece  of  wrought-iron  pipe  A,  16  cm.  in  diameter  and  40  cm.  long, 
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with  a  bottom  piece  welded  in.  Near  the  top  two  pieces  of  iron  pipe  C 
about  2  cm.  in  diameter  and  S5  cm.  long  are  screwed  in,  to  serve  as  con- 
densers. These  condenser  tubes  are  given  a  slight  pitch,  but  their  outer 
ends  should  not  be  higher  than  the  top  of  the  heater.  To  increase  their 
efficiency,  a  loose  roll  of  iron-wire  gauze  is  put  into  each  of  them.  The 
top  of  the  bath,  which  should  be  turned  off  square  in  the  lathe,  is  covered 
with  a  large  watch-glass  D,  in  which  holes  are  drilled  for  the  thermometer 
T,  and  the  lead-wires  to  the  bomb-  A  tube  of  thin  sheet  iron  Q,  about 
12  cm.  in  diameter,  with  a  flange  at  the  bottom,  is  placed  in  the  heater 
and  held  in  the  middle  by  projecting  pins.  Small  holes  are  drilled  through 
this  tube  at  the  bottom,  and  two  rows  of  large  holes  at  the  top.  The  func- 
tion of  this  tube  is  to  prevent  the  bottom  of  the  bomb  from  getting  hotter 
than  the  top ;  for,  if  it  does  this  by  ever  so 
little,  a  constant  evaporation  and  condensa- 
tion goes  on  in  the  bomb,  which  interferes 
with  the  readings  of  the  auxiliary  electrode 
and  the  specific -volume  determinations.  The 
inverted  mica  cone  N  is  put  in  for  the  same 
purpose;  it  prevents  the  cold  condensed 
vapor  from  dripping  upon  the  top  of  the 
bomb.  These  arrangements  also  protect  the 
bomb  more  effectually  from  radiation  and 
convection-currents  from  the  walls  of  the 
heater.  The  holes  in  the  glass  cover  through 
which  the  lead- wires  and  the  thermometer 
enter  are  but  little  larger  than  these,  so  as  to 
prevent  loss  of  vapor.  The  thermometer  is 
supported  by  means  of  a  cork  stopper  which 
'^'"*  ^-  rests  on  the  top  of  the  watch-glass.     The 

insertion  of  cork  stoppers  in  the  holes  is  not 
advisable,  as  they  cause  the  hot  liquid  to  escape  through  their  pores.  The 
bomb  is  supported  in  the  heater  by  means  of  a  brass  frame  F,  and  suspen- 
sion wires  IV,  which  hang  on  two  steel  pins  screwed  into  the  walls  of  the 
heater.  At  the  top  of  each  of  the  two  suspension  wires  is  a  loop,  so  that  by 
inserting  a  steel  hook  in  each  of  these  loops,  the  bomb  is  easily  removed 
from  the  bath  while  still  hot.  The  sides  of  the  heater  are  well  jacketed 
with  asbestos.  It  is  supported  on  a  metal  tripod  by  means  of  three  steel 
pins,  which  project  through  the  asbestos  covering.  It  is  heated  by  gas- 
burners  below,  one  sufficing  after  the  bomb  and  heater  have  become  hot. 
Commercial  xylene  was  first  used  for  the  140°  bath,  but  the  pure  meta- 
xylene  was  found  to  give  a  more  constant  temperature  and  one  more 
uniform  in  the  upper  and  lower  parts  of  the  bomb.    To  prevent  the  escape 
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of  the  vapor,  it  was  necessary  in  this  case  to  cause  water  to  circulate 
through  a  jacket  surrounding  one  of  the  condenser  tubes.  Pure  naph- 
thalene from  Kahlbaum  was  used  to  give  a  temperature  of  218',  and  was 
found  to  be  an  ideal  substance.  a-Bromnaphthalene  was  employed  for 
the  next  higher  temperature  (281°),  as  it  seemed  to  be  the  only  available 
substance ;  it  is  not  convenient,  however,  since  it  decomposes  slowly  upon 
boiling  with  formation  of  tar  and  hydrobromic  acid  (which  attacks  the 
outside  of  the  bomb)  ;  it  must  therefore  be  frequently  removed  from  the 
heater  and  redistilled.  The  highest  temperature  (306°)  was  maintained 
with  benzophenone,  which  shows  no  change  of  boiling-point  even  after 
many  days  of  continuous  heating. 

4.    THERMOMETERS. 

The  temperature  of  the  liquid  xylene  bath  was  measured  with  an  ordi- 
nary thermometer  reading  directly  to  tenths  of  a  degree,  and  this  was 
checked  from  time  to  time  against  a  standard  Tonnelot  thermometer. 

For  the  higher  temperatures  French  mercurial  thermometers,  made  by 
Alvergniat,  with  a  range  of  360°  and  graduation  in  degrees,  were  used. 
By  the  use  of  a  little  reading  telescope  these  thermometers  were  read  with 
certainty  to  0.1°.  They  were  standardized  as  described  in  section  8  of  this 
article.  The  mercury  column  was  always  completely  immersed  in  the 
vapor,  and  to  take  a  reading  the  thermometer  was  quickly  raised  only 
enough  to  render  the  meniscus  visible  above  the  top  of  the  heater. 
Repeated  trials  showed  that  the  temperature  of  the  bath  throughout  the 
space  surrounding  the  bomb  varied  less  than  0.1°,  so  that  the  exact  posi- 
tion of  the  thermometer  made  no  difference.  Care  had  to  be  taken,  how- 
ever, that  the  mica  shield  above  the  bomb  did  not  come  in  contact  with  the 
thermometer  stem,  thus  allowing  the  condensed  vapor  coming  from  the 
shield  to  run  down  and  cool  the  bulb.  It  was  feared  that  the  vapor  con- 
densing on  the  upper  part  of  the  thermometer  itself  would  have  the  same 
effect ;  but  this  was  proved  not  to  be  the  case  by  fastening  a  small  invertecl 
watch-glass  about  midway  on  the  thermometer  stem ;  this  carried  off  the 
drip  from  the  upper  part  of  the  stem,  but  did  not  affect  the  reading. 

5.    DETAILS  OF  THE  CONSTRUCTION  OF  THE  BOMB. 

The  shell  is  made  of  the  softest  crucible  steel  obtainable,  ductility  being 
desired  rather  than  high  tensile  strength.  Extra  weight  is  not  objection- 
able here,  as  it  would  be  in  the  case  of  a  calorimetric  bomb;  moreover, 
fear  was  entertained  that  a  high-carbon  steel  might  be  weakened  by  the 
repeated  heating  and  cooling  to  which  the  bomb  was  to  be  subjected.   The 
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shell  was  designed  for  approximately  equal  strength  throughout.  The 
large  nut  C  has  an  ordinary  V-shaped  thread  of  18  turns  to  the  inch. 
To  tighten  the  nut,  the  lower  part  of  the  bomb  is  held  at  R,  which  is  hex- 
agonal, by  a  wrench  bolted  to  a  firm  table ;  while  a  second  wrench,  with 
an  effective  length  of  46  cm.,  is  placed  on  the  hexagonal  part  R'  of  the  nut 
itself.  In  this  way  sufficient  pressure  can  be  exerted  on  the  gold  packing- 
ring  to  make  the  metal  of  which  it  is  composed  actually  flow  into  the 
groove  beneath,  filling  any  little  scratches  or  other  depressions  which  may 
exist  in  the  latter.  Since  there  is  a  certain  thickness  of  gold  and  platinum 
interposed  between  the  cover  and  the  lower  part  of  the  bomb,  and  since 
these  both  expand  less  than  steel  upon  heating,  it  becomes  necessary  to  use 
a  compensating  brass  washer  W  between  the  nut  and  the  cover.  The 
proper  thickness  can  be  calculated  from  the  known  coefficients  of  expan- 
sion of  the  three  metals.  Care  must  be  taken  that  the  bearing  surface  of 
the  nut  C  on  the  washer  W^  is  so  large  that  the  upward  force  of  the 
steam  acting  on  the  cover  does  not  compress  the  brass  washer,  and  thus 
allow  the  cover  to  rise.  Care  must  also  be  taken  —  and  this  is  very 
important  —  that  the  distance  from  the  center  of  this  bearing  surface  to  the 
axis  of  the  bomb  is  less  than  the  radius  of  the  gold  packing-ring;  other- 
wise the  cover  might  turn  on  the  ring  while  the  nut  was  being  tightened, 
which  would  prevent  a  tight  joint  from  being  secured.  For  lubrication 
a  little  finely  powdered  graphite  is  rubbed  on  the  top  of  the  brass  washer 
and  into  the  threads  of  the  large  nut. 

To  facilitate  the  removal  of  the  platinum  lining,  the  inside  of  the  steel 
shell  was  made  slightly  tapering  (about  0.05  mm.  in  10  cm^),  and  the  little 
grooves  left  by  the  boring  tool  were  carefully  ground  out. 

In  working  with  the  bomb  it  proved  to  be  necessary  to  drill  through  the 
steel  shell  a  number  of  small  holes,  one  of  which  is  shown  at  H  in  fig.  1. 
In  the  present  bomb  there  are  about  75  of  these  (probably  half  as  many 
would  have  sufficed)  well  distributed  over  all  its  parts,  A,  B,  and  C.  These 
holes  are  0.66  mm.  in  diameter  —  so  small  that  they  do  not  seriously 
weaken  the  shell,  and  that  the  platinum  lining  is  capable  of  withstanding 
the  pressure  over  their  areas.  These  holes  are  made  necessary  by  the 
fact  that  without  them  some  water  gets  trapped  between  the  lining  and 
the  shell,  owing  to  slight  leakage  or  permeation  of  the  platinum  itself  when 
the  bomb  is  first  heated,  the  lining  then  being  not  in  close  contact  with  the 
shell  at  every  point ;  and  this  water  on  subsequent  heating  exerts,  owing 
to  its  expansion  in  the  liquid  state,  an  enormous  pressure  against  the  lin- 
ing, causing  little  indentations  in  it  and  causing  some  water  to  flow  back 
into  the  bomb,  whereby  contamination  of  the  solution  with  iron  is  pro- 
duced. The  holes  remedy  entirely  this  difficulty,  which  otherwise  will 
become  aggravated  on  each  successive  heating.    They  also  help  to  locate 
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a  leak  in  case  one  exists,  for  when  the  bomb  is  connected  to  the  hydraulic 
pump  to  be  tested,  as  will  be  explained  later,  they  permit  the  water  to 
escape  at  a  point  near  where  it  gets  through  the  platinum  lining.  To  fur- 
ther this  end  a  small  hole  is  also  drilled  from  the  outside  obliquely  into 
the  air  space  around  each  of  the  electrode  rods. 

The  lining  of  the  lower  part  of  the  bomb  A  was  made  of  a  platinum- 
iridium  alloy  (2  per  cent  iridium)  0.40  mm.  thick.  The  flange  F  was  orig- 
inally made  of  the  same  material,  but  the  closing  of  the  bomb  compressed 
the  platinum  each  time  under  the  ring  so  that  it  grew  hard  and  thin  and 
finally  cracked  at  the  bottom  of  the  groove.  For  this  reason  platinum- 
iridium  alloy  containing  16  per  cent  iridium  had  to  be  substituted  for  the 
flange.  This  is  so  hard  that  it  bids  fair  to  wear  indefinitely,  and  yet  it  is 
not  so  brittle  that  it  can  not  be  forced  into  the  groove  in  the  steel  without 
cracking.  The  flange  could  just  as  well  be  welded  to  the  platinum  cup, 
but  in  our  bomb  it  was  soldered  to  it  with  pure  gold.  Pure  gold  was  also 
used  freely  in  making  repairs  on  the  present  lining  when  it  tore,  as  it  fre- 
quently did  at  the  start,  before  the  necessity  of  the  small  holes  in  the  shell 
and  of  several  other  precautions  was  understood. 

The  lining  is  made  so  as  to  fit  as  well  as  possible  at  the  start.  It  is  then 
inserted  in  the  shell,  and  expanded  by  driving  in  plugs  of  cotton  as  hard  as 
possible,  with  a  hammer  and  piece  of  hard  wood.  The  shell  is  then  placed 
in  the  lathe,  and  the  lining  is  still  further  expanded  by  the  use  of  an  agate 
burnisher  lubricated  with  soap.  The  flange  is  next  hammered  over  to  fit 
the  steel,  sheet  lead  being  used  under  the  hammer  to  prevent  injury  to  the 
platinum  alloy.  The  most  delicate  operation  connected  with  the  lining 
of  the  bomb  is  perhaps  the  next  step,  which  consists  in  making  a  depres- 
sion in  the  flange  to  fit  the  V-shaped  groove  in  the  steel  below.  This 
groove  in  the  steel  should  not  be  sharp  as  shown  in  fig.  1,  but  should  be 
slightly  rounded  at  the  bottom  (to  prevent  cracking  the  hard  flange)  and 
its  sides  should  make  an  angle  of  90**  with  one  another.  The  depth  of  the 
groove  is  such  that  when  a  wire  0.8  mm.  in  diameter  is  laid  in  it,  about 
one-half  of  the  wire  lies  outside  the  groove.  A  little  steel  roller  is  made 
to  fit  the  groove  in  the  shell,  and  this  roller,  after  being  hardened  and 
polished,  is  pivoted  in  a  fork  which  fits  into  the  tool  post  of  the  lathe. 
The  shell  with  the  lining  in  it  is  then  slowly  rotated  in  the  lathe  while  the 
roller,  well  lubricated  with  soap,  is  firmly  pressed  against  the  flange  over 
the  groove. 

After  the  lining  has  been  made  to  fit  as  closely  as  possible,  it  should 
be  removed  from  the  shell  and  heated  to  redness  to  anneal  it.  Even  the 
flange  had  better  be  treated  in  this  way,  since  it  is  hard  enough  even  after 
annealing.  To  remove  the  lining  after  it  has  been  fitted  in  in  the  preceding 
manner,  the  following  plan  was  adopted :  Take  a  stick  of  soft  wood,  per- 
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haps  20  cm.  long  and  5  cm.  square,  and  whittle  one  end  down  so  that  it 
will  slip  easily  into  the  bomb.  Then  take  a  piece  of  cotton  cloth  moistened 
with  alcohol  to  remove  any  grease,  wrap  it  over  the  smalt  end  of  the 
stick,  and  then  with  a  hammer  drive  the  latter  tightly  into  the  bomb.  Now 
holding  the  bomb  in  the  vise,  grasp  the  projecting  end  of  the  stick  firmly 
in  the  hands  or  in  a  wooden  clamp  and  twist  out  the  lining.  This  method 
never  fails,  provided  the  steel  shell  was  ground  reasonably  smooth  at  the 
start. 

A  hole  is  drilled  in  the  lining  at  the  bottom  so  as  to  correspond  with  the 
hole  in  the  steel  shell.  It  is  then  best  to  close  this  hole  temporarily  with 
the  steel  piece  shown  in  fig,  3,  using  a  lead  washer  under  the  V-shaped 
ridge  for  packing.  Then,  in  order  to  bring  the  lining  into  perfect  contact 
with  the  shell  and  at  the  same  time  to  test  it  for  possible  faults,  the  lower 
part  of  the  bomb  is  connected  by  means  of  the  auxiliary  cover  shown 

in  figfure  4  with 
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water  reservoir 
being  interposed 
between  the  pump 
and  the  bomb  so 
as  to  force  water 
instead  of  oil  into 
the  bomb.  For  this 
testing  of  the  lining 
a  pressure  of  300 
atmospheres  has  been  used,  the  steel  shell  having  previously  been  similarly 
tested  up  to  600  atmospheres  pressure.  The  lining  must  be  fitted  as  closely 
as  possible  before  the  hydraulic  pressure  is  applied,  since  otherwise  this 
will  always  result  in  tearing  the  lining.  Even  after  expanding  the  lining 
ivith  hydraulic  pressure,  there  is  no  trouble  in  removing  it,  in  case  a  leak 
develops,  by  the  method  given  above. 

The  next  step  is  to  fasten  the  edge  of  the  flange  to  the  shell.  If  this  is 
not  done,  when  substances  like  benzophenone,  solid  at  ordinary  tempera- 
ture, are  employed  for  heating  the  bomb,  they  will  be  drawn  under  the 
flange  and  into  the  groove  in  the  shell,  where  they  will  .solidify ;  upon  heat- 
ing the  bomb  the  next  time,  the  solid  melts  and  escapes,  thus  relieving  the 
pressure  on  the  packing-ring  and  allowing  the  bomb  to  leak ;  moreover,  if 
the  edge  is  not  fastened  down,  there  is  danger  of  bending  it  when  the 
bomb  is  opened  and  handled.  To  secure  the  flange  eight  small  steel  screws 
are  used.  The  steel  shell  has  to  be  recessed  at  this  place,  as  shown  in 
fig.  1 ;  otherwise  the  screw  heads  would  interfere  with  the  cover. 
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The  lower  electrode  is  made  of  two  steel  parts,  as  shown  in  fig.  5,  the 
horizontal  part  C  being  afterwards  inclosed  in  a  platinum  box,  which  is 
made  as  follows:  The  top  A  of  this  box,  is  made  by  forcing  a  circular 
disk  of  pure  sheet  platinum  (about  0.25  mm.  thick)  through  a  brass  die 
by  means  of  a  brass  punch.  It  is  better,  since  it  strains  the  platinum  less, 
to  interrupt  this  operation  at  least  twice,  annealing  the  metal  each  time. 
This  box  should  be  made  to  fit  so  tightly  over  C  that  it  has  to  be  forced  on. 
In  the  same  way  a  tight-fitting  bottom  B  is  made  for  this  box.  A  hole 
is  drilled  in  the  center  of  this  just  large  enough  to  permit  the  passage  of 
the  steel  rod  through  it.  It  is  then  forced  on  over  A,  It  then  remains 
only  to  solder  B  to  A  with  pure  gold.  This  is  easily  accomplished 
by  putting  several  pieces  of  gold  on  the  crack  D  and  directing  a  hot  flame 
from  the  blast  lamp  downwards  upon  the  box.  This  flame  must  not  be 
too  small,  since  the  whole  of  the  soldering  must  be  done  at  once  and  as 
quickly  as  possible.  Doing  it  a  piece  at  a  time  involves  keeping  the  steel 
rod  hot  for  a  longer  time,  and  consequently  oxidizing  it  more ;  and  worse 
than  this,  the  gold  gets  inside  and  alloys  with  the  iron,  bringing  the  latter 
eventually  to  the  surface.  Before  soldering  it  is  better  to  cover  the  steel 
rod  below  the  box  with  pieces  of  asbestos,  binding  them  on  tightly  by 
means  of  a  wire^  so  as  to  diminish  the  oxidation. 

Before  adopting  quartz  crystal  as  the  insulator  various  other  substances 
were  tried.  Mica  was  tried  first  of  all,  using  both  of  the  methods  sub- 
sequently employed  by  Knipp*  in  his  work  on  surface  tension.  Our 
experience  agreed  with  his  —  that  it  is  impossible  to  secure  an  absolutely 
tight  joint  with  mica  because  of  the  formation  of  radial  cracks.  Nor 
was  it  an  ideal  substance  chemically.  Camelian,  flint,  and  agate  were  next 
tried  because  of  their  known  toughness.  It  was  with  the  last-named  sub- 
stance that  we  developed  the  method  finally  employed  for  making  an  abso- 
lutely tight  joint ;  the  substance  itself,  however,  proved  to  be  chemically 
unsuitable,  since  the  hydrated  silica  which  it  contains  dissolves  readily  in 
the  hot  water.  The  method  which  we  finally  employed  for  securing  a 
tight  joint  put  very  little  strain  on  the  agate,  so  that  there  was  no  longer 
any  reason  for  avoiding  a  substance  because  of  its  brittleness.  Quartz 
crystal  was  then  the  natural  substance  to  try.  Japanese  quartz,  however, 
proved  a  failure,  owing  to  included  water  or  carbon  dioxide,  which  caused 
it  to  crack  upon  heating ;  but  the  Arkansas  quartz  which  we  next  tried  was 
not  aflFected  by  heat  and  has  proved  to  be  very  satisfactory.  Since  the 
thermal  coefiicient  of  expansion  is  so  different  in  the  directions  parallel 
to  and  perpendicular  to  the  main  axis  of  the  crystal,  the  axis  of  the  cup 
was  made  parallel  to  the  main  axis  of  the  crystal. 

♦Phys.  Rev.,  11,  129-154  (1900). 
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The  process  employed  for  making  the  quartz  cup  is  as  follows:  A 
crystal  is  selected  which  is  perfectly  clear  and  free  from  imperfections. 
A  slice,  in  thickness  a  little  greater  than  the  height  of  the  finished  cup,  is 
then  sawed  out  at  right  angles  to  the  main  axis.  For  this  operation  a  thin 
tinned-iron  disk,  whose  edge  is  charged  with  diamond  powder,  is  rotated 
in  the  lathe ;  and  the  piece,  supported  on  a  sawing  table,  is  pressed  lightly 
against  the  saw  by  hand,  a  wet  sponge  being  held  against  the  edge  of  the 
saw  with  the  other  hand.  This  operation  of  sawing  is  discussed  at  some 
length  by  Threlfall.*  It  is  both  easy  and  rapid  if  the  saw  is  in  good  con- 
dition. Care  must  be  taken  in  this  and  the  subsequent  operations  that  the 
work  is  not  crowded  too  hard  against  the  abrading  surface,  as  this  causes 
a  local  rise  of  temperature  which  may  crack  the  crystal.  A  hollow  drill, 
whose  internal  diameter  is  but  little  greater  than  the  external  diameter  of 
the  finished  cup,  is  then  run  through  the  crystal  piece  at  right  angles  to 
the  sawed  surfaces.  Such  a  drill  consists  merely  of  a  tinned-iron  tube  pro- 
vided with  a  slit  running  lengthwise,  and  mounted  so  that  it  can  be  rotated 
in  the  lathe.  The  outer  end  of  the  tube  is  turned  off  square  and  is  then 
charged  with  diamond  powder.  A  small  piece  of  wet  sponge  is  then  placed 
in  the  tube.  Powdered  carborundum  can  be  used  in  place  of  diamond, 
and,  although  it  is  somewhat  slower  in  starting,  it  appears  to  be  equally 
satisfactory  afterwards.  The  core  is  then  taken  from  the  drill  and  the 
ends  of  the  cylinder  are  ground  down  flat ;  for  the  saw  has  left  them  some- 
what irregular.  This  operation  of  grinding  is  conveniently  carried  out  by 
means  of  a  carborundum  wheel  rotated  in  the  lathe,  the  wheel  being  kept 
wet  by  holding  a  sponge  against  it.  Before  grinding  either  surface,  its 
bounding  edges  must  be  ground  off  (beveled)  ;  otherwise  the  edges  will 
break  out  irregularly.  To  cup  out  the  cylinder,  a  hollow  drill,  whose 
external  diameter  is  but  little  less  than  the  internal  diameter  of  the  finished 
cup,  is  then  run  into  one  end  to  a  depth  almost  equal  to  that  of  the  desired 
cavity.  The  core  which  is  left  from  this  drill  is  too  strong  to  be  broken 
out  without  danger  of  injuring  the  outside  of  the  cup ;  so  another,  smaller 
one  is  next  run  in  to  the  same  depth  as  the  first  and  concentrically  with  it. 
This  leaves  two  fragile  pieces,  a  small  rod  and  a  thin  tube,  which  are  easily 
broken  out.  The  cup  is  next  mounted  so  that  it  can  be  rotated  in  the  lathe. 
This  is  best  accomplished  by  fastening  it  with  stick  shellac  to  the  end  of  a 
brass  rod  held  in  the  lathe  chuck.  To  hold  firmly,  the  crystal  must  be 
heated  above  the  melting-point  of  the  shellac ;  this  can  be  done  safely  by 
flashing  it  with  a  gas  flame.  The  inside  of  the  cup  is  then  ground  to  its 
final  diameter  and  the  bottom  made  flat  by  using  carborundum  powder 
upon  the  end  of  a  brass  rod  which  is  a  little  less  in  diameter  than  the  cavity 
and  whose  end  is  squared  off,  the  rod  being  best  held  in  the  hand.    The 

♦On  Laboratory  Arts,  pp.  187-189. 
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small  hole  is  drilled  through  the  bottom  of  the  cup  by  the  aid  of  a  small 
diamond  set  in  the  end  of  a  steel  or  brass  rod.  The  diamond  must,  of 
course,  be  a  little  larger  than  the  rod  to  give  clearance  for  the  latter.  To 
start  the  hole  the  T-rest  is  used,  but  afterwards  the  rod  is  supported  only 
by  the  hand.  The  tool  must  be  withdrawn  and  moistened  very  frequently. 
The  hole  may  be  run  half-way  through  from  either  end.  It  is  afterwards 
expanded  to  its  proper  size  by  the  aid  of  a  small  brass  or  steel  rod  and 
some  carborundum.  To  form  the  little  V-shaped  ridges  on  the  ends  of  the 
cup,  each  of  the  end  surfaces,  except  at  the  middle  where  the  ridge  is  to 
be,  is  ground  down  with  carborundum.  The  projecting  portion  left  in  the 
center  is  then  turned  into  a  sharp  ridge  by  means  of  a  diamond  set  in  the 
end  of  a  steel  rod.  This  tool  is  held  in  the  hand  and  supported  on  the 
T-rest  just  as  the  ordinary  hand  tool  is  used  on  metal.  To  support  the  cup 
while  work  is  being  done  on  the  lower  end  it  is  best  to  fasten  in  the  chuck 
a  piece  of  brass  rod  somewhat  smaller  than  the  internal  diameter  of  the 
cup,  square  off  its  end,  turn  a  little  groove  in  it  which  will  correspond  to 
the  ridge  at  the  bottom  of  the  cup,  and  then  shellac  the  cup  on,  so  that  the 
ridge  comes  in  the  groove.  This  mode  of  support  insures  getting  the 
ridges,  as  they  should  be,  in  parallel  planes  and  centrally  located  with  ref- 
erence to  the  axis  of  the  cup.  The  operation  of  polishing  is  best  carried 
out  by  means  of  different  grades  of  corundum  powder,  using  finally  oxide 
of  tin.    These  are  applied  wet  on  the  end  of  a  soft  piece  of  wood. 

In  making  such  a  cup  an  ordinary  mechanician,  after  a  little  practice  on 
the  different  operations,  will  spend  perhaps  twelve  or  fifteen  hours. 

The  thickness  of  the  brass  compensating  washer  (Z,  fig.  1)  can  be  cal- 
culated from  the  known  coefficients  of  expansion  of  the  quartz-crystal  and 
of  the  brass  and  steel  used.  That  used  in  our  bomb  was  5.1  mm.  in  thick- 
ness. Of  the  two  gold  washers  the  upper  one  is  made  to  fit  tightly  on  the 
electrode  rod,  while  the  hole  in  the  lower  one  is  made  to  correspond  with 
that  in  the  bottom  of  the  bomb.  To  keep  the  lower  gold  washer  from 
touching  the  electrode  rod,  and  to  keep  the  latter  from  touching  the  steel 
shell,  the  following  device  was  employed:  The  middle  part  of  the  steel 
rod  is  made  about  0.5  mm.  smaller  in  diameter  than  the  hole  in  the  crystal. 
Three  thin  strips  of  mica,  each  about  2  cm.  long  and  2  mm.  wide,  are 
inserted  in  the  space  left  between  the  electrode  rod  and  the  cr>'stal,  so  that 
the  ends  of  these  mica  pieces  project  perhaps  1  cm.  below  the  cup.  The 
mica  strips  are  cut  so  wide  that  they  have  to  be  pushed  into  place.  They 
serve  to  hold  the  rod  in  the  crystal  and  keep  the  lower  gold  washer  in 
place.  The  cup  can  now  be  grasped  by  its  edge  with  a  pair  of  tweezers 
and  the  electrode  rod  pushed  through  the  hole  in  the  bottom  of  the  bomb. 
It  is  then  bolted  down.  It  is  next  tested  to  make  sure  that  there  is  no  short 
circuit  between  the  electrode  and  the  bomb ;  and  finally,  to  make  sure  that 
the  joint  is  tight,  the  bomb  is  connected  once  more  to  the  pump. 
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If,  after  the  bomb  has  been  in  use  for  some  time,  it  is  necessary  to 
remove  the  lower  electrode,  it  may  be  done  in  the  following  way :  The  nut 
N  can  not  be  unscrewed,  but  enough  of  it  can  be  removed  with  saw  and 
file  so  that  the  remainder  will  slip  through  the  hole  in  the  brass  washer. 
A  light  direct  blow  with  the  hammer  on  the  end  of  the  electrode  rod  is 
then  always  sufficient  to  start  it  out.  The  brass  remaining  in  the  threads 
of  the  electrode  rod  is  easily  removed  with  any  pointed  tool,  and  the  elec- 
trode is  ready  to  use  again. 

The  cover  B  is  made  slightly  concave  to  allow  the  air  bubbles,  which 
might  otherwise  collect  under  it,  to  escape  into  the  electrode  chamber 
above.  To  line  the  cover  a  round  disk  of  platinum-iridium  alloy  contain- 
ing 15  per  cent  iridium  is  taken,  and  the  two  tubes,  T^  and  Tj,  are  soldered 
to  this  with  pure  gold.  This  alloy  is  used  rather  than  pure  platinum  on 
account  of  its  greater  hardness,  which  prevents  the  gold  ring  from  cutting 
into  it. 

In  the  development  of  the  bomb,  the  tube  T^  has  probably  caused  more 
trouble  than  any  other  part.  This  is  due  in  part  to  the  fact  that  at  high 
temperatures  the  pressure  is  sufficient  to  force  water  through  the  lining  at 
any  unsupported  spot.  If  the  tube  was  made  of  heavy  metal,  and  especially 
when  it  was  made  of  the  2  per  cent  alloy,  it  was  itself  capable,  owing  to 
its  small  diameter,  of  withstanding  the  pressure  without  expanding  enough 
to  come  into  perfect  contact  with  the  steel  at  all  points;  as  a  result,  the 
bomb  would  leak  at  such  points.  Or,  owing  to  the  greater  difficulty  in 
mechanically  expanding  the  small  tube  to  meet  the  shell,  the  fit  would  be 
so  poor  at  the  start  that  the  hydraulic  pressure  would  tear  it.  Our  earlier 
work  here  was  done  with  the  2  per  cent  alloy  before  we  fully  realized  the 
great  difference  in  ductility  between  this  and  pure  platinum.  Because  of 
its  extreme  ductility  gold  was  then  tried.  This  worked  beautifully  at  first, 
but  finally  failed  because  the  22-carat  gold  solder  employed  in  making  the 
tube  disintegrated  under  the  action  of  the  hot  water.  Recourse  was  then 
had  to  pure  platinum,  which  completely  solved  the  difficulty.  The  plati- 
num tube  is  first  expanded  by  driving  in  some  plugs  of  cotton  with  the  help 
of  a  hammer  and  a  brass  rod  almost  as  large  as  the  inside  of  the  tube. 
Seamless  tubing  might  be  advantageously  used  here,  but  we  used  a  tube 
made  of  sheet  platinum  soldered  with  pure  gold,  and  this  proved  to  be 
entirely  satisfactory. 

The  small  tube  T^  is  conveniently  made  by  rolling  up  tightly  some  thin 
sheet  platinum  and  then  flowing  gold  in  to  fill  the  spaces  between  the  con- 
volutions. This  gold  is  fed  in  from  the  outside,  while  the  whole  tube  is 
kept  hot  in  a  large  blast-lamp  flame.  Care  must  be  taken  not  to  use  too 
much  gold ;  otherwise  a  drop  may  form  inside  the  tube,  and  its  removal  by 
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drilling  is  extremely  difficult.  Owing  to  capillary  forces,  no  gold  will  go 
to  the  space  inside  until  the  smaller  spaces  between  the  convolutions  are 
all  filled,  so  that  there  is  no  danger  so  long  as  too  much  gold  is  not  em- 
ployed. In  this,  as  in  all  other  operations  when  gold  is  used  in  soldering 
platinum,  the  piece  should  be  kept  hot  no  longer  than  is  absolutely  neces- 
sary, because  the  gold  rapidly  alloys  with  the  platinum,  and  the  resulting 
alloy  is  more  crystalline  in  structure  than  either  of  the  constituents  and  has 
not  their  ductility.  To  make  the  joint  between  T^  and  the  lining  of  the 
cover  stronger,  the  tube  is  reinforced  above  this  point,  as  shown  by  the 
drawing.  This  was  necessary  in  our  earlier  apparatus  before  the  lining 
was  screwed  down  to  the  cover,  but  is  probably  not  necessary  in  the  later 
form. 

As  the  upper  end  of  the  tube  T^  is  to  act  as  a  valve-seat,  and  as  there- 
fore there  will  be  a  good  deal  of  downward  pressure  at  this  point,  the  tube 
has  to  be  well  expanded  into  the  conical  cavity  in  the  steel  at  V  (fig.  1). 
Because  of  this,  and  of  the  further  fact  that  the  valve-seat  should  be  as 
soft  as  possible,  it  is  better  to  make  the  upper  end  of  T^  of  solid  gold,  bor- 
ing it  out  later.  This  is  done  as  follows :  The  tube  is  first  packed  full 
of  asbestos,  to  prevent  gold  from  getting  into  it.  A  band  of  thin  platinum 
foil  is  next  wound  tightly  around  the  upper  end  and  bound  on  by  means 
of  a  platinum  wire.  This  band  is  then  pushed  partly  off  of  the  end  of  the 
tube,  so  as  to  make  a  small  projecting  tube ;  and  pure  gold  is  melted  into 
this  until  it  is  full.  The  platinum  foil  on  the  outside  of  the  gold  is  now 
filed  off.  Both  tubes  are  now  attached  to  the  cover  lining  and  inserted  in 
place  in  the  cover.  Holding  the  lower  end  of  Tj  on  an  anvil,  the  soft  gold, 
projecting  perhaps  3  mm.  above  the  steel  at  V,  is  compressed  with  a  rivet- 
ing hammer.  The  asbestos  is  now  drawn  out  of  the  tube,  and  a  hole  is 
drilled  down  through  the  gold  to  meet  the  hole  in  the  platinum. 

The  valve-seat  at  the  start  is  of  the  form  shown  in  fig.  1,  and  the  slight- 
est pressure  on  the  steel  bicycle  ball  serves  to  force  the  ball  down  into  the 
soft  gold  tube  enough  to  make  the  joint  tight.  But  after  this  process  has 
been  repeated  a  few  times  the  bearing  surface  of  the  ball  on  the  gold 
becomes  so  large  that  the  pressure  which  can  be  obtained  by  tightening  the 
screw  K  with  the  fingers  is  not  sufficient  to  make  the  joint  tight  The 
valve-seat  can  be  easily  brought  back  to  its  original  condition,  however, 
by  filling  the  depression,  which  the  ball  has  made,  with  soft  dental  gold 
and  opening  the  hole  ag^in  with  a  scratch  awl  or  a  drill.  The  filling  is 
most  conveniently  accomplished  with  a  little  "moss  fiber"  gold,  using  the 
regular  dental  tool.  Of  course  the  top  should  always  be  left  concave,  so 
that  the  ball  will  of  itself  roll  to  the  center.  Time  is  saved  in  the  end  by 
putting  the  valve-seat  in  order  each  time;  for,  if  this  is  done,  there  will 
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never  be  a  leak  at  this  point.  It  is  also  better  to  use  a  fresh  steel  ball  each 
time.  The  screw  K  should  fit  well,  but  still  turn  easily  with  the  fingers ; 
for,  if  there  were  much  friction  here,  it  would  be  impossible  to  tell  how 
much  of  the  force  employed  in  screwing  it  down  was  being  ctMnmunicated 
to  the  ball  and  how  much  was  wasted  in  friction  in  the  screw.  Smearii^  a 
little  vaseline  on  the  screw  prevents  air  from  leaking  in  while  the  bomb  is 
being  evacuated. 

The  edge  of  the  lining  is  fastened  to  the  cover  by  eight  steel  screws,  in 
the  same  way  as  the  flange  of  the  lining  of  the  body  of  the  bomb  is  secured, 
the  only  difference  being  that  it  is  not  necessary  at  the  top  to  recess  the 
edge  of  the  platinum.  Care  must,  of  course,  be  taken  that  the  screws  in 
the  top  do  not  come  opposite  those  in  the  lower  part  when  the  top  is  put 
on.  Two  reference  marks  enable  the  experimenter  to  bring  the  cover 
always  into  the  same  position  with  respect  to  the  bottom 

The  cover  lining  is  forced  mto  place  and  tested,  just  as  was  the  hnmg 
of  the  lower  part  of  the  bomb,  by  means  of  the  Cailletet  pump,  making 
the  pump  connection  with  a  metal  piece  like  that  shown  in  fig  6,  which 
takes  the  place  of  the  lower  part  of  the  bomb 

The  construction  of  the 
auxiliary  electrode  is  simi- 
lar to  that  of  the  lower  one ; 
it  will  be  evident  from  fig. 
7.  The  part  a  has  to  be 
made  just  as  small  as  is 
consistent  with  making  the 
joint  tight  on  the  end  of  the 

crystal.  The  platinum  covermg  consists  of  a  little  plati 
num  box  similar  to  that  used  on  the  lo\\er  electrode,  a 
short  piece  of  tubing  b  and  a  piece  of  platinum  wire  c 

The  gold  packing-rings  are  made  as  follows  A  piece 
of  gold  wire  about  3  mm.  shorter  than  the  circumference 
of  the  finished  ring  is  cut  off  and  the  ends  fused  together  ^ 

in  a  small  oxy-gas  flame.  (The  ends  of  the  wire  were  '"'*'■ 
originally  filed  flat  and  then  soldered  with  coin  gold;  but  this  method 
besides  being  much  more  laborious  had  the  disadvantage  of  bringing 
base  metal  into  the  gold.)  The  joint  made  in  this  way  is  slightly  thicker 
than  the  rest  of  the  ring,  but  not  enough  so  to  do  any  harm.  The 
ring  is  then  annealed  and  placed  on  a  cast-iron  spreader.  By  pushing  a 
tapered  brass  plug  into  this  spreader,  it  is  expanded  and  the  ring  stretched. 
By  placing  a  reference  mark  on  the  tapered  plug,  the  ring  can  be  stretched 
to  just  the  same  size  every  time.    It,  of  course,  comes  off  perfectly  round, 
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and  after  reannealing  is  ready  for  use.  Each  ring  is  used  but  once;  but 
after  a  number  have  been  used  they  are  melted  down  and  made  into  fresh 
wire. 

The  total  weight  of  platinum  used  in  our  bomb  is  about  186  g^ams. 
This,  together  with  the  fine  constmction  work  involved,  makes  the  initial 
cost  considerable,  but  the  platinum,  of  course,  retains  the  larger  part  of  its 
value.  We  have  estimated  that  the  cost  of  reproducing  such  a  bomb, 
including  the  labor  of  a  machinist  and  all  the  materials  except  the  plati- 
num, is  about  125. 

Before  adopting  the  sheet-platinum  lining,  attempts  were  made  to  pro- 
duce a  satisfactory  platinum  plate  on  the  inner  surface  of  the  bomb 
by  the  electrolytic  process  described  by  Langbein  ;*  but  although  a  firmly 
adhering  deposit  was  obtained,  it  was  found  not  to  be  dense  enough 
to  protect  the  surface  beneath  from  attack  and  the  liquid  from  consequent 
contamination. 

6.    PROCEDURE  FOR  THE  CONDUCTIVITY  MEASUREMENTS. 

In  making  a  set  of  conductivity  determinations,  the  valve-seat  at  the 
top  of  the  tube,  Tj  (fig.  1),  is  first  put  in  order  by  putting  in  a  gold  filling, 
as  has  already  been  described  in  section  5.  Then  any  loose  particles  of 
graphite  or  dirt  adhering  to  the  flange  and  cover  in  the  neighborhood  of 
the  gold  packing-ring  are  removed  with  absorbent  cotton  saturated  with 
benzene,  and  the  screw  thread  on  the  lower  part  is  cleaned  in  the  same 
manner.  Both  the  upper  and  lower  parts  are  now  rinsed  thoroughly  with 
good  water,  using  the  fine  stream  from  a  wash  bottle  to  remove  more 
effectually  any  loose  particles  of  graphite  which  may  have  got  into  the 
bomb  upon  previously  opening  it.  By  this  means,  too,  water  can  be  forced 
through  the  fine  tube,  T^.  If  the  solution  to  be  investigated  is  a  dilute  one, 
the  rinsing  must  be  very  thorough.  Finally  the  bomb  is  rinsed  out  with 
some  of  the  solution,  and  as  much  as  possible  of  this  is  then  shaken  out. 
The  bomb  is  then  ready  for  use. 

Suppose  now  it  is  desired  to  make  a  series  of  measurements  at  the  tem- 
peratures up  to  281**.  An  amount  of  solution  which  will  almost,  but  not 
quite,  fill  the  bomb  at  this  temperature  is  measured  in  from  a  pipette  pre- 
viously graduated  to  contain  this  amount,  as  will  be  described  in  section  7. 
A  gold  packing-ring  is  annealed  and  cleaned  by  heating  it  in  the  flame  of 
a  burner,  and  it  is  placed  in  the  g^roove.  The  cover  is  then  put  in  place, 
taking  care  not  to  disturb  the  ring.  The  thread  in  the  large  nut  is  next 
washed  out  with  benzene,  to  get  rid  of  any  solid  substance  which  may 
have  condensed  there  in  a  previous  heating.    With  a  piece  of  cloth  or 

*Langbein's  Electro-Deposition  of  Metals,  378  (1902). 
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absorbent  cotton,  a  lot  of  finely  powdered  graphite  is  then  rubbed  into 
the  thread  and  upon  the  surface  which  bears  on  the  brass  compensating 
washer.  The  nut  is  now  screwed  on  by  hand,  care  being  taken  not  to  dis- 
turb the  cover;  otherwise  it  might  be  raised  slightly,  so  that  particles  of 
graphite  would  enter  the  bomb.  The  apparatus  is  next  transported  care- 
fully to  the  large  wrench,  and  the  nut  is  tightened  up.  The  air  pressure 
is  then  reduced  to  about  2  cm.  by  connecting  the  small  tube  with  a  Rich- 
ards water  pump,  the  valve  is  screwed  down,  the  lead-wires  bolted  on, 
and  the  bomb  is  ready  for  the  measurements. 

The  conductivity  is  first  measured  at  26*.  To  hasten  the  equalization  of 
the  temperatures,  the  cold  bomb  was  usually  introduced  after  bringing  the 
bath  to  about  30"*.    The  other  vapor  baths  are  heated  up  meanwhile. 

The  bomb  is  then  immersed  in  the  140**  bath,  whereupon  the  conduc- 
tivity increases  very  rapidly.  The  minimum  in  the  telephone  is  at  first 
greatly  disturbed  by  the  boiling  of  the  solution,  which  takes  place  strongly 
at  the  lower  electrode,  owing  to  the  fact  that  this  is  at  the  start,  because  of 
its  position,  the  hottest  part  of  the  bomb.  But  as  the  temperature  of  the 
solution  approaches  that  of  the  bath  the  disturbance  decreases,  and  finally 
ceases  altogether.  When  the  temperature  has  become  almost  constant, 
which  is  indicated  by  the  constancy  of  the  conductivity,  the  bomb  is 
removed  from  the  bath,  shaken,  and  returned  as  quickly  as  possible.  To 
shake  it  while  hot,  a  piece  of  asbestos  cloth,  with  a  piece  of  woolen  cloth 
outside,  is  used.  If  the  shaking  is  omitted,  the  measured  conductivity 
may  be  too  high  by  as  much  as  0.6  per  cent.  This  was  found  to  be  due  to 
the  following  facts :  At  140**  there  is  still  a  considerable  vapor  space  left 
in  the  bomb,  the  entire  cover  being  above  the  liquid  surface.  During  the 
first  part  of  the  heating  the  xylene  vapor  is  condensed  so  rapidly  by  the 
bomb  that  it  extends  up  only  for  a  little  distance  above  the  bottom 
of  the  bomb,  leaving  the  upper  part  completely  out  of  it.  This  causes  an 
evaporation  of  pure  water  and  a  condensation  of  it  all  over  the  colder 
cover,  leaving  the  solution  too  concentrated.  If  the  bomb  is  shaken  after 
reaching  the  temperature  of  the  bath  and  quickly  returned,  the  same  action 
does  not  repeat  itself,  since  the  top  is  now  as  hot  as  the  bottom.  The 
bridge  readings  are  now  continued  (usually  for  about  30  minutes)  till 
one  perfectly  constant  for  10  to  15  minutes  is  obtained. 

The  bomb  is  then  transferred  to  the  naphthalene  bath.  Shaking  was 
found  to  have  no  effect  at  this  temperature,  owing,  doubtless,  to  the  fact 
that  the  liquid  level  has  then  risen  almost  to  the  cover,  so  that  large  drops 
can  not  adhere  to  the  latter,  and  to  the  fact  that  the  surface  tension  has 
diminished,  so  that  less  water  is  held  clinging  to  the  walls  of  the  narrow 
chamber  in  the  cover. 
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The  bomb  is  next  brought  into  the  281**  bath.  It  is  now  necessary  to 
keep  constant  watch  of  the  conductivity  between  the  upper  auxiliary  elec- 
trode and  the  walls  of  the  bomb,  so  as  to  be  sure  that  too  much  solution 
has  not  been  put  into  the  bomb.  The  reasons  for  putting  in  solution 
enough  at  the  start  to  so  nearly  fill  the  bomb  at  the  highest  temperature 
are  first,  to  reduce  the  vapor  space  at  all  the  temperatures  as  much  as  pos- 
sible, since  a  correction  has  to  be  made  for  the  amount  of  solvent  in  this 
space ;  and  secondly,  to  see  that  the  bomb  is  absolutely  tight  even  at  the 
highest  temperature,  when  the  solution  is  in  contact  with  the  upper  elec- 
trode. This  latter  is  important,  since  a  leak,  if  it  took  place  above  the 
liquid  level,  would  cause  a  loss  of  pure  solvent  and  a  consequent  increase 
in  the  concentration  of  the  solution. 

After  completing  the  measurements  at  281*,  the  bomb  is  returned  to  the 
218**  bath,  then  to  the  140**  bath,  and  finally  it  is  brought  back  to  26".  In 
going  from  a  higher  temperature  to  a  lower  much  time  is  saved  by  cooling 
the  bomb,  in  front  of  a  fan  outside  the  bath,  to  a  temperature  which  is  at 
least  as  low  as  that  next  desired;  for  while  heating  in  a  vapor  bath  is 
rapid,  the  cooling  in  it  of  a  hotter  body  is  very  slow.  During  the  first  half 
of  the  experiment,  where  the  bomb  is  introduced  each  time  into  a  hotter 
bath,  stirring  inside  the  bomb  takes  place  of  itself,  it  being  accomplished 
by  the  rising  vapor  bubbles  and  the  rapid  convection  currents  caused  by 
the  bottom  of  the  bomb  being  so  much  hotter  than  the  top  during  the  heat- 
ing. During  the  second  half  it  is  necessary  to  provide  for  this  by  shaking 
the  bomb  before  putting  it  into  each  bath.  How  much  shaking  is  neces- 
sary can  be  determined  by  repeating  the  operation  and  seeing  whether  the 
conductivity  has  been  affected  by  it. 

The  advantages  derived  from  cooling  the  bomb  down  through  the  same 
series  of  temperatures  and  again  taking  measurements  are  that  these  fur- 
nish a  check  on  the  accuracy  of  the  preceding  ones,  and  especially  that 
they  show  whether  or  not  there  has  been  any  contamination,  and  if  so, 
between  what  temperatures  it  took  place  and  to  how  much  it  amounts. 

The  bomb  is  opened  as  soon  as  the  experiment  is  completed,  since  other- 
wise there  may  be  trouble  in  getting  the  cover  off  because  of  the  strong 
adhesion  of  the  gold  packing-ring  to  the  platinum  lining  below.  This 
effect  increases  with  use,  since  a  small  amount  of  gold  from  the  ring 
adheres  to  the  platinum  each  time,  and  subsequent  rings  will  adhere  more 
firmly  to  this  gold  than  they  would  to  a  clean  platinum  surface.  The  effect 
can  easily  be  reduced,  however,  as  soon  as  it  grows  troublesome,  by  rub- 
bing the  platinum  cover,  where  it  comes  in  contact  with  the  ring,  with  a 
burnisher  and  by  marking  in  the  groove  with  a  lead  pencil.  The  trace  of 
graphite  which  adheres  to  the  surface  is  very  effective. 
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When  the  bomb  is  not  in  use,  good  water  is  left  standing  in  the  lower 
part.  The  cover  is  inverted  and  the  upper  chamber  similarly  kept  filled 
with  water.  If  for  the  next  experiment  a  more  dilute  solution  is  to  be 
employed,  the  bomb  must  first  be  heated  with  good  water  to  perhaps  218° 
for  some  little  time.  No  amount  of  rinsing  or  soaking  out  at  ordinary 
temperatures  will  answer  the  purpose.  There  is  on  this  account  a  great 
saving  of  time  effected  by  beginning  with  the  most  dilute  solution  to  be 
investigated,  and  afterwards  measuring  those  more  and  more  concentrated. 

Our  measurements  at  306**  were  carried  out,  for  the  most  part,  after 
complete  experiments  up  to  281*  had  been  made,  so  that  they  usually  con- 
sisted merely  of  measurements  at  26**,  306**,  and  again  at  26**. 

7.  prcx:edure  for  the  specific-volume  measurements. 

To  determine  the  specific  volume  of  a  solution  at  any  temperature,  such 
an  amount  of  solution  is  weighed  into  the  bomb  as  will  bring  the  liquid 
level  up  onto  the  auxiliary  electrode  at  that  temperature.  This  amount  was 
determined  by  successive  heatings  with  increasing  volumes  of  solution. 

A  pipette  of  the  form  represented  by  fig.  8  was  made  for  each 
of  the  temperatures  218^  2«1%  and  306^  The  stem  is  gradu- 
ated between  a  and  b,  and  the  capacity  up  to  these  points  is 
roughly  determined  by  weighing.  The  volume  of  the  pipette 
S  is  made  such  that  for  water  or  dilute  solutions  it  will  deliver 
the  right  amount  into  the  bomb  when  filled  up  to  the  point  b. 
For  more  concentrated  solutions  the  expansion  is  less,  so  that 
more  of  the  solution  must  be  used.  The  graduations  on  the 
pipette  serve  only  as  an  indication  of  how  much  solution  to  take. 
s  L  The  exact  amount  used  is  obtained  by  weighing  the  pipette  filled 

and  then  again  after  discharging.  During  the  weighing  the  tip 
is  covered  with  a  small  test  tube  c,  which  is  held  on  by  the 
rubber  band  d. 

The  bomb  is  first  dried  out  by  rinsing  it  with  alcohol  and 
ether.  The  residue  left  by  these  solvents  upon  evaporation  is 
sufficient  to  affect  the  conductivity  of  the  diluter  solutions  employed,  so 
that  no  attempt  was  made  to  determine  the  conductivity  of  such  solutions 
at  the  same  time  as  their  specific  volume.  The  solution  is  boiled  to  expel 
the  air.  This  increases  the  concentration  slightly ;  but  this  is  of  no  conse- 
quence if,  as  was  usually  the  case,  the  experiment  was  made  solely  to  deter- 
mine the  specific  volume.  If  it  was  also  to  serve  for  conductivity  measure- 
ments, the  solution  was  boiled  gently  in  a  tall  platinum  vessel  which  was 
weighed  with  its  contents  before  and  after  boiling.  This  gave  the  loss  of 
solvent  during  the  operation.    Knowing  this  and  the  amount  of  solution 
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originally  present  in  the  cylinder,  the  final  concentration  is  easily  calcu- 
lated. After  weighing  the  solution  in  from  the  pipette,  the  bomb  is  closed, 
and  the  air  pressure  reduced  to  2  cm.  Upon  heating,  careful  watch  is  kept 
of  the  readings  with  the  auxiliary  electrode  to  make  sure  that  too  much 
solution  has  not  been  put  in.  After  the  conductivity  of  the  upper  chamber 
has  been  constant  long  enough  to  show  conclusively  that  the  temperature 
has  become  stationary  and  that  the  bomb  is  absolutely  tight  (even  the 
slightest  leak  being  of  course  indicated  by  a  constant  decrease  in  the  con- 
ductivity of  the  upper  chamber),  the  conductivities  between  the  walls  of  the 
bomb  and  both  the  upper  and  lower  electrodes  are  measured  carefully,  and 
the  temperature  of  the  bath  is  observed.  The  experiment  is  then  complete. 
The  ratio  of  these  two  conductivities  is  calculated,  and  the  correspond- 
ing volume  is  obtained  by  interpolation  from  a  plot  obtained  as  described 
in  section  8.  This  volume,  corrected  for  the  expansion  of  the  bomb  and 
then  divided  by  the  weight  of  solution  in  the  bomb,  gives  the  specific  vol- 
ume of  that  solution  at  the  temperature  in  question,  and  this  quantity 
divided  by  the  specific  volume  of  the  solution  at  4*  gives  the  volume  of 
that  quantity  of  the  solution  that  would  at  4°  occupy  one  cubic  centimeter, 
this  quantity  being  most  convenient  in  subsequent  computations. 

8.  STANDARDIZATION  OF  THE  APPARATUS. 

THERMOMETERS. 

These  were  calibrated  by  the  method  recommended  by  Crafts,*  first 
for  irregularities  of  bore  and  then  at  the  fixed  points  0*,  100°,  218*,  and 
306**.  For  the  last  two  temperatures  the  vapors  of  boiling  naphthalene 
and  of  benzophenone  were  used.  These  substances  were  obtained  from 
Kahlbaum,  and  were  purified  in  the  manner  suggested  by  Crafts,  until 
their  melting-points  came  within  his  limits.  The  form  and  dimensions  of 
the  vapor  bath  used  in  establishing  the  218°  and  306°  points  were  essen- 
tially those  given  by  him.  To  reduce  the  temperatures  lying  between  the 
fixed  points  to  the  gas  scale.  Crafts'  corrections  for  French  glass  were 
also  used,  our  thermometers  being  of  the  same  make  as  those  used  by  him. 
The  values  adopted  for  the  boiling-points  of  the  naphthalene  and  benzo- 
phenone on  the  hydrogen-gas  scale  were,  however,  those  recently  obtained 
by  Jaquerod  and  Wassmer  (J.  chim.  phys.,  2,  72;  1904).  At  the  begin- 
ning every  temperature  measurement  was  followed  by  a  lag  ice-reading; 
but  this  was  found  to  be  unnecessary,  since  the  thermometers  showed  no 
lag.  The  ice-reading  was,  however,  taken  frequently,  to  make  sure  that 
the  zero  did  not  change  from  another  cause  —  evaporation  of  mercury 

♦Am.  Chem.  J.,  5,  307-338   (1883-84). 
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from  the  bulb  below  and  condensation  in  the  chamber  above.  This  effect 
was  not  apparent  even  after  long  use  at  temperatures  up  to  280**;  but 
above  this  the  zero  would  fall  perhaps  0.1*  from  two  or  three  days'  use. 
When  in  use  at  dOO"",  instead  of  taking  an  ice-reading  the  thermometer 
was  first  placed  in  the  benzophenone  heater  and  then  in  the  calibrating 
apparatus  containing  perfectly  pure  benzophenone.  The  difference  in 
reading  (usually  amounting  to  0.1*  to  0.2*)  was  deducted  from  the  true 
boiling-point  of  benzophenone  at  the  observed  barometric  pressure. 

Two  thermometers  were  calibrated  in  this  way,  and  in  actual  use  their 
corrected  readings  were  always  found  to  agree  satisfactorily  with  each 
other. 

SLIDE-WIRE  BRIDGE  AND  RESISTANCE  COILS. 

The  slide  wire  was  calibrated  by  the  method  of  Strouhal  and  Bams.'*' 
The  resistance  coils  were  calibrated  by  comparison  with  a  standard  bridge 
of  the  Massachusetts  Institute  of  Technology. 

THE   CONDUCTANCE-CAPACITY. 

In  order  to  reduce  the  observed  to  specific  conductances,  the  conduct- 
ance-capacity or  so-called  "  cell-constant  "f  was  determined  in  the  usual 
manner,  by  measuring  in  the  bomb  solutions  of  known  conductance.  For 
this  purpose  the  measurements  at  26°  of  the  solutions  oif  both  potassium 
and  sodium  chlorides,  which  were  afterward  studied  at  higher  tempera- 
tures, were  employed,  the  mean  of  the  most  reliable  of  them  being  taken. 
These  data  are  given  in  section  13. 

THE   VOLUME  OF  THE  SOLUTION    IN   THE   BOMB    AND  THE   CORRESPONDING 

CONDUCTANCE-RATIO. 

It  was  stated  above  that  the  volume  of  the  solution  at  any  time  in  the 
bomb  was  determined  by  measuring  the  ratio  of  the  conductances  between 
the  walls  of  the  bomb  and  the  lower  and  upper  electrodes  respectively. 
This  ratio  will  hereafter  be  called  the  conductance-ratio.  Its  value  is,  of 
course,  independent  of  the  nature  of  the  solution  in  the  bomb,  and  is  deter- 
mined fully  by  its  height  in  the  narrow  chamber,  and  therefore  by  its  vol- 
ume. To  find  the  values  corresponding  to  different  volumes,  we  proceed 
as  follows :    The  bomb  is  first  dried  by  rinsing  it  with  alcohol  and  ether. 

*Wied.  Ann.,  10,  326  (1880).  See  also  Kohlrausch  and  Holbom,  Leitvermogen 
der  Elektrolyte,  45  (1898). 

tThe  term  cell-constant  is  inappropriate,  since  the  value  varies  with  the  temper- 
ature. We  shall  adopt  the  expression  conductance-capacity,  which  seems  fairly 
descriptive,  since  the  quantity  may  be  defined  as  the  specific  conductance  of  a  solu- 
tion which,  when  placed  in  the  vessel,  gives  rise  to  an  actual  conductance  unity. 
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Some  0.02  normal  potassium  chloride  solution*  is  then  boiled  to  free  it 
from  air,  and,  right  after  cooling,  enough  of  this  to  fill  the  bottom  part  of 
the  bomb  to  within  1  or  2  mm.  of  the  flange  is  weighed  in  from  a  pipette. 
The  mouth  of  the  pipette  is  kept  under  the  surface  to  diminish  the  absorp- 
tion of  air.  The  cover  is  next  put  on  and  screwed  down,  care  being  taken 
not  to  tip  the  bomb  enough  to  get  any  of  the  solution  into  the  mouth 
of  the  capillary  tube.  By  means  of  the  water  pump  the  air  pressure  in  the 
bomb  is  reduced  to  about  2  cm.,  and  the  valve  is  then  closed.  If  the  air  is 
not  removed  from  the  solution  at  the  start,  it  comes  out  rapidly  upon 
reducing  the  pressure  and  spatters  some  of  the  solution  up  into  the  tube, 
thus  allowing  it  to  be  swept  out  by  the  air  current. 

The  lead  wires  are  now  bolted  on  and  the  bomb  is  placed  in  the  liquid 
xylene  bath,  serving  ordinarily  for  the  26**  measurements,  and  the  temper- 
ature of  the  latter  is  raised  by  means  of  the  heating  coil.  The  liquid  level  in 
the  bomb  is  at  the  start  about  3  mm.  below  the  point  of  the  auxiliary  elec- 
trode, so  that  the  resistance  of  the  upper  cell  is  shown  by  the  conductivity 
apparatus  to  be  infinite;  but  upon  heating,  the  level  rises  and  finally 
touches  the  electrode,  whereupon  the  resistance  suddenly  sinks  to  perhaps 
1,000  ohms.  The  temperature  of  the  bath  (perhaps  about  130**)  is  now 
held  constant  until  the  solution  in  the  bomb  has  also  attained  it,  as  will  be 
indicated  by  the  resistance  of  the  lower  and,  far  more  sensitively,  by  that 
of  the  upper  cell  becoming  constant.  Both  these  resistances  are  then 
noted,  and  the  temperature  is  measured. 

The  temperature  is  now  raised  by  steps  of  three  or  four  degrees  until 
that  ratio  of  the  conductances  is  reached  which  corresponds  to  the  bomb 
being  almost  completely  full.  This  limiting  ratio  can  be  determined  cold 
at  any  time  by  measuring  the  resistance  of  the  lower  cell  and  then  invert- 
ing the  bomb  and  measuring  that  of  the  upper  cell.  Finally,  the  conduct- 
ance-ratios are  plotted  as  abscissas  and  the  corresponding  volumes  as 
ordinates,  whereby  a  straight  line  is  obtained. 

The  computation  of  the  volumes  is  made  with  the  help  of  the  following 
data:  Zepemick  and  Tammannf  have  found  that  equal  volumes  of  a 
0.52  normal  potassium  chloride  solution  and  of  water  at  0**  upon  heating 
from  that  temperature  to  140**  become  different  from  each  other  by  only 
0.1  per  cent.  It  is  therefore  perfectly  safe  to  assume  that  the  expansion  of 
the  0.02  normal  potassium  chloride  solution  used  by  us  is  the  same  as  that 
of  pure  water.    From  Him'sJ  results  the  specific  volume  of  water  at  the 

*The  reasons  for  taking  this  solution  instead  of  pure  water  are  that  it  makes 
the  conductance  at  the  upper  electrode  high  enough  to  give  a  good  minimum,  and 
that  the  solution  is  so  strong  that  contamination  can  not  possibly  make  any  trouble. 

tZ.  phys.  Chcm.,  16,  665  (1895). 

tG.  A.  Hirn,  Ann.  chim.  phys.,  (4),  10,  32  (1897).  His  series  of  observations 
covers  the  range  of  temperature  up  to  180**.  Between  110°  and  143°  his  values 
differ  from  those  found  by  Zepemick  and  Tammann  by  only  0.02  per  cent. 
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temperature  in  question,  but  under  a  pressure  of  14.8  atmospheres,  may  be 
obtained.  At  135*,  the  mean  temperature  of  the  calibration  experiments, 
the  vapor  pressure  is  3.1  atmospheres.  Him's  result  should  then  be  reduced 
to  this  pressure.  The  coefficient  of  compressibility  of  water  has  been 
investigated  by  Pagliani  and  Vicentini*  up  to  100*.  By  plotting  their  values 
and  extrapolating,  0.000048  is  found  for  the  coefficient  at  135*,  or  for  the 
fractional  decrease  in  volume  per  atmosphere  pressure.  Him's  value 
should  then  be  increased  by  0.000048  X  (14.8  —  3.1)  X  100  =  0.056  per 
cent.  Multiplying  the  value  so  obtained  by  the  weight  of  solution  employed 
and  by  the  specific  gravity  of  the  cold  solution  referred  to  water  at  the 
same  temperature,  the  volume  corresponding  to  the  observed  conductance- 
ratio  is  obtained. 

9.    PREPARATION  OF  THE  SUBSTANCES  AND  SOLUTIONS. 

The  sodium  chloride  used  was  purified  by  precipitation  with  hydro- 
chloric acid  gas.  It  was  then  washed  with  hydrochloric  acid,  dried,  and 
finally  ignited  until  decrepitation  ceased. 

The  potassium  chloride  was  precipitated  twice  with  hydrochloric  acid 
gas,  crystallized  from  hot  water,  dried,  and  finally  ignited. 

Solutions  were  made  up,  by  weighing  out  the  salts,  so  as  to  be  almost 
exactly  0.1  and  0.01  normal  at  4*.  The  solutions  of  smaller  concentra- 
tion were  made  by  diluting  the  0.01  normal  one  with  the  help  of  two  grad- 
uated flasks. 

The  equivalent  weights  used  are  as  follows :  K  =  39.14,  Na  =  23.05, 
CI  =  35.46.    All  weighings  were  reduced  to  a  vacuum. 

The  water  used  throughout  this  investigation  was  prepared  by  redis- 
tilling ordinary  distilled  water  to  which  alkaline  permanganate  solution 
was  added  from  a  steam- jacketed  copper  still  with  a  tin  condenser.  The 
first  quarter  of  the  distillate  was  rejected,  and  the  following  portions  were 
condensed  hot  (between  60°  and  90*).  The  water  had  a  specific  conduc- 
tance of  (0.7  to  1.0)  X  10~"  reciprocal  ohms. 

10.    DISCUSSION  OF  THE  SYSTEMATIC  ERRORS  AND  THEIR  CORRECTION. 

ERRORS  AFFECTING  THE  SPECIFIC-VOLUME  VALUES. 

(1)  In  calculating  the  specific- volume,  the  volume  of  the  bomb  was 
directly  determined  at  about  135**,  as  described  in  section  8,  and  the 
expansion  of  the  metal  from  this  point  to  the  temperatures  of  the  experi- 
ments was  corrected  for  Andrews,t  working  with  "soft"  cast  steel,  which 
corresponds  to  the  material  from  which  the  bomb  was  constructed,  found 

♦Landolt-Bornstein-Meyerhoffer,  Tabellen,  60  (1905). 
tProc.  Roy.  Soc.,  43,  299  (1887). 
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the  mean  coefficient  of  cubical  expansion  between  100**  and  300**  to  be 
0.0000450 ;  and  this  value  was  adopted  for  the  corrections.  The  difference 
between  his  steel  and  that  used  in  the  bomb  can  hardly  be  great  enough 
to  cause  an  appreciable  difference  in  the  coefficient  of  expansion,  since  his 
values  for  two  steels  as  different  as  Bessemer  steel  with  0.15  per  cent  com- 
bined carbon,  and  cast  steel  with  0.45  per  cent,  differ  by  only  G  per  cent ; 
and  an  error  of  even  6  per  cent  in  the  coefficient  of  expansion  would  pro- 
duce a  maximum  error,  even  at  306**,  of  only  0.05  per  cent  in  the  specific 
volume. 

(2)  The  quartz-crystal  cup  expands  upon  heating,  thus  diminishing  the 
volume  of  the  bomb  occupied  by  the  solution.  The  correction  for  this, 
even  at  306**,  amounts  to  only  — 0.03  per  cent. 

(3)  The  bomb  expands  owing  to  the  pressure  within.  At  306**,  where 
this  correction  is  greatest,  the  vapor  pressure  plus  the  air.  pressure  may 
be  estimated  at  100  atmospheres.  Assuming  that  the  modulus  of  elasticity 
of  the  steel  is  17,372  kgm.  per  sq.  mm.,  which  is  the  value  found  by  Pisato* 
at  300**,  the  volume  correction  due  to  this  cause  is  -}-  0.025  per  cent.  This 
is  opposite  in  sign  and  essentially  equal  to  the  preceding  correction ;  they 
therefore  eliminate  each  other. 

(4)  The  volume  of  the  tube  T^  is  only  0.07  com.  or  0.06  per  cent  of  the 
whole  volume  of  the  bomb.  It  is  therefore  so  small  that  no  irregularities 
in  the  extent  to  which  it  is  filled  with  solution  could  much  affect  the  result. 

(5)  The  volume  of  the  bomb  depends  somewhat  on  the  extent  to  which 
the  large  nut  is  tightened  up  and  the  gold  packing-ring  compressed.  Four 
of  the  gold  rings  which  had  been  used  were  chosen  at  random,  and  the 
mean  thickness  of  each  was  calculated  from  measurements  made  at  eight 
equidistant  points  with  a  micrometer  caliper.  The  average  deviation  from 
the  mean  thickness  of  these  rings  was  such  as  to  affect  the  volume  of  the 
bomb  by  only  0.02  per  cent.  So  this  source  of  error  can  be  unhesitatingly 
disregarded,  especially  as  each  final  specific-volume  value  is  the  mean  of 
the  values  obtained  from  several  independent  experiments. 

(6)  The  bomb  is  never  completely  filled  with  liquid,  the  vapor  space 
amounting,  on  an  average,  to  about  1  c.cm.  or  0.8  per  cent  of  the  total 
volume  of  the  bomb  (about  124  c.cm.).  A  certain  fraction  of  the  water 
is  therefore  vaporized,  and  the  specific  volume  appears  too  small  by  a 
corresponding  amount.  The  specific  volume  of  the  vapor  is  not  yet  known 
above  200**.  By  extrapolation,  however,  from  the  values  up  to  200**,  the 
specific  volume  of  the  vapor  at  218**  is  found  to  be  seventy-five  times  that 
of  the  liquid.  From  this  it  follows  that  at  218**  the  correction  is  only 
Tir  +  -^  >  or  about  0.01  per  cent.  Such  a  calculation  is  not  possible  at 
the  higher  temperatures,  281**  and  306**;  but  that  no  considerable  error 

♦Nuovo  Cimcnto  (3),  4,  152  (1878). 
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arises  from  this  source  was  shown  by  direct  experiments.  For  example, 
when  two  or  more  specific-volume  determinations  were  made,  the  amount 
of  solution  taken  in  the  different  experiments  was  purposely  varied,  so  that 
the  vapor  space  should  vary  from  about  1.8  ccm.  to  1  ccm.  If,  now,  a 
considerable  amount  of  the  water  were  present  in  the  vapor  space,  the 
specific-volume  values  obtained  would,  of  course,  be  larger  the  smaller  that 
space.  As  a  matter  of  fact,  however,  the  values  obtained  with  the  1  ccm. 
vapor  space  were  as  often  smaller  as  they  were  larger  than  those  obtained 
with  the  1.8  ccm.  vapor  space.  In  other  words,  no  difference  greater  than 
the  variable  experimental  error  was  observed.  The  error  due  to  this  source 
is  therefore  probably  less  than  0.1  per  cent. 

(7)  The  temperature  measurements  may  be  regarded  as  accurate  to 
within  0.2'' ;  and  this  of  itself  introduces  an  uncertainty  of  only  0.07  per 
cent  in  the  worst  case,  that  of  the  306"*  values.  That  the  bomb  and  its  con- 
tents actually  attained  the  temperature  of  the  surrounding  vapor  is  shown 
by  the  fact  that  the  extremely  sensitive  reading  of  the  upper  electrode 
remained  constant  indefinitely  after  it  had  once  become  so ;  and  by  the  fact 
that  there  could  not  be  a  continuous  loss  of  heat  of  appreciable  magnitude 
from  the  bomb  to  the  surroundings,  since  upon  the  sides  the  bomb  was 
protected  against  radiation  and  cold  convection-currents  by  the  iron  shield 
with  the  vapor  outside,  and  since  above  there  was  always  a  layer  of  vapor 
10  cm.  in  height,  and  since  the  dropping  back  of  condensed  liquid  onto  the 
bomb  was  prevented  by  the  mica  shield ;  moreover,  the  copper  lead-wires 
were  only  1.2  mm.  in  diameter  and  passed  through  the  upper  layer  of 
vapor  before  emerging. 

(8)  Another  possible  source  of  error  might  be  the  gathering  of  vapor 
bubbles  on  the  under  surface  of  the  cover,  whereby  the  apparent  volume 
of  the  liquid  would  be  increased.  That  this  did  not  occur  was  shown  by 
removing  the  bomb  from  the  heater,  shaking  vigorously,  immediately 
replacing  it,  and  taking  conductivity  readings  as  soon  as  the  temperature 
had  again  become  constant,  whereby  the  same  readings  were  obtained  as 
before  the  shaking. 

(9)  The  air  was  not  entirely  removed  from  the  bomb  at  the  start,  and, 
as  the  solution  expands,  and  the  temperature  rises,  the  air  pressure 
increases.  Assuming  that  the  preliminary  boiling  had  removed  all  of  the 
air  from  the  solution  in  the  beginning,  and  that  there  is  no  solubility  of  the 
air  in  the  liquid  at  the  high  temperatures,  its  pressure  can  be  calculated 
by  the  gas  laws.  At  the  temperatures  of  218**,  281**,  and  306',  it  would 
thus  amount  to  about  1,  2,  and  2.5  atmospheres  respectively.  The  effect 
of  these  air  pressures  on  the  specific-volume  values  can  not  be  calculated, 
since  the  compressibility  at  these  temperatures  is  not  known;  but  for 
these  small  pressures  it  is  undoubtedly  less  than  the  errors  of  observation. 
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(10)  If  the  vapor  above  the  solution  had  an  appreciable  conductance  it 
would  make  the  conductance  between  the  upper  electrode  and  the  bomb 
appear  too  great.  But  this  is  not  the  case,  as  is  shown  by  the  fact  that 
unless  the  liquid  is  in  contact  with  the  electrode  there  is  no  measurable 
conductance  here,  even  at  306*  with  a  0.1  normal  potassium  chloride  solu- 
tion. We  can  at  present  assign  only  an  upper  limit  to  the  conductance 
of  the  vapor ;  but  it  certainly  does  not  exceed  TToVinr  part  of  that  of  the 
solution. 

ERRORS  AFFECTING  THE  CONDUCTANCE  VALUES. 

(1)  All  the  errors  in  the  values  of  the  specific  volume  have  an  effect  of 
the  same  magnitude  upon  those  of  the  equivalent  conductance,  with  the 
important  exception  of  that  due  to  the  amount  of  solvent  in  the  vapor 
space  at  the  two  highest  temperatures,  281°  and  306**.  No  error  arises 
from  this  last  source  for  the  reason  that,  owing  to  the  increase  in  concen- 
tration of  the  solution,  the  specific  conductance  increases  in  the  same  pro- 
portion as  the  volume  diminishes;  for  at  281*  and  306*  (but  not  at  140* 
and  218*)  the  quantity  of  liquid  in  the  bomb  was  the  same  in  the  two 
series  of  measurements. 

(2)  The  conductance-capacity  might  be  expected  to  vary  with  the  height 
of  the  liquid  level  in  the  bomb,  but  direct  experiment  showed  that  for  the 
range  of  the  liquid  level  in  our  measurements  the  effect  of  this  was  less 
than  the  error  of  observation.  The  smallest  amount  of  solution  employed 
in  any  of  the  experiments  was  first  introduced  into  the  bomb  and  the  con- 
ductance measured  at  26*.  Then  more  of  the  same  solution  was  intro- 
duced until  the  liquid  was  in  contact  with  the  whole  cover ;  but  the  resist- 
ance was  not  measurably  changed.  Mr.  A.  C.  Melcher  has  shown  (see 
section  36,  Part  IV)  that  even  much  larger  variations  in  the  quantity  of 
solution  have  no  effect. 

(3)  The  conductance-capacity  changes  with  the  temperature  owing  to 
two  causes :  first,  the  expansion  of  the  quartz-crystal  cup ;  and,  secondly, 
that  of  the  bomb  itself.  A  direct  experimental  investigation  of  the  effect 
on  the  conductance  of  such  changes  in  the  dimensions  of  the  cup  and  bomb 
has  been  made  by  Mr.  A.  C.  Melcher  and  is  described  in  section  36,  Part 
IV.  The  corrections  for  the  conductance-capacity  have  been  based  on  his 
results.  The  relative  values  at  the  different  temperatures  are  given  in 
section  13. 

(4)  The  effect  of  the  pressure  on  the  conductance-capacity  is  entirely 
negligible.  For  at  306*  the  radius  is  increased  by  the  pressure  0.01  per 
cent,  and  this  affects  the  conductance-capacity  by  even  less. 

(5)  The  resistance  of  the  lead-wires  has  to  be  deducted  from  the  meas- 
ured resistance  of  the  bomb;  and,  since  a  portion  of  the  leads  is  subjected 
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to  the  temperature  of  the  bath,  this  correction  is  different  for  different 
temperatures.  This  resistance  may  be  considered  as  made  up  of  three 
parts :  R^,  the  constant  resistance  of  the  heavy  leads ;  R^,  the  resistance  of 
the  small  leading-in  wires,  L^  and  L, ;  and  R^,  that  of  the  steel  electrode 
rod.  /?!  and  /?2  were  measured  at  room  temperature.  For  the  other  tem- 
peratures /?2  was  calculated  from  its  value  at  room  temperature.  IS,  was 
calculated  from  its  dimensions  and  the  specific  resistance  of  steel.  The 
maximum  value  (at  SOG"*)  of  the  total  resistance  of  the  lead-wires  was 
0.061  ohms. 

(6)  In  the  case  of  the  more  dilute  solutions  it  was  necessary  to  correct 
for  the  conductance  of  the  water  used.  To  do  this,  some  water  prepared 
in  the  same  way  and  of  the  same  conductance  cold  as  that  used  for  making 
up  the  solutions  was  put  into  the  bomb,  and  just  such  a  set  of  experiments 
was  made  with  it  as  had  been  made  with  the  solutions.  Then  for  any  tem- 
perature the  conductance  of  the  water,  measured  at  that  same  temperature 
and  under  the  same  conditions,  was  deducted  from  that  of  the  solution. 
This  at  the  same  time  corrects  for  contamination,  since,  with  a  dilute, 
neutral-salt  solution,  there  is  no  apparent  reason  why  the  contamination 
should  not  be  the  same  as  for  water.  For  the  most  dilute  solution  used, 
0.0005  normal,  the  maximum  correction  (at  306**)  amounts  to  1.9  per 
cent.    See  also  section  14. 

(7)  In  the  conductivity  experiments,  the  vapor  space  at  140*  and  218* 
was  considerable,  so  that  at  these  temperatures  a  correction  has  to  be 
applied  for  the  vaporized  solvent,  since  the  solution  is  more  concentrated' 
than  it  would  otherwise  be.  This  correction  was  calculated  from  the 
known  volume  of  the  vapor  in  the  bomb  and  its  specific  volume,  using  for 
the  latter  the  data  of  Zeuner*  which  go  up  to  200**,  and  extrapolating  for 
the  218°  value.  The  correction  amounts  to  +  0.06  per  cent  at  140*  and 
+  0.18  per  cent  at  218**.  As  explained  above,  it  is  not  required  in  the 
case  of  the  281**  and  306°  values. 

(8)  The  temperature  measurement  at  26*  is  certainly  more  accurate 
than  the  work  requires.  Above  this,  the  temperature  reading  is  probably 
correct  to  0.2*.  Most  of  the  uncertainty  in  the  equivalent  conductance 
values  introduced  by  this  possible  error  finds  expression  in  the  specific- 
volume  values,  and  this  has  already  been  considered.  Besides  this  there 
is  the  much  smaller  effect  on  the  observed  resistance  of  the  bomb.  The 
total  uncertainty  in  the  equivalent  conductance  arises  from  both  these 
sources;  that  due  to  0.2*  is  in  the  worst  case  (at  218*)  0.09  per  cent,  and 
where,  as  has  usually  been  the  case,  several  experiments  are  made  and 
the  mean  taken,  this  effect  tends  to  be  eliminated. 

♦Landolt-Bornstein-Meyerhoffcr,  Tabellen,  62  (1905). 
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II.    THE  SPECinC -VOLUME  DATA. 

All  of  the  measurements  have  been  included  in  table  1  (page  36)  with 
the  exception  of  two,  which,  though  agreeing  well  with  the  others,  were 
known  to  be  less  reliable. 

The  first  and  second  columns  are  self-explanatory. 

The  third  column  gives  the  concentration  of  the  solution  at  4**,  expressed 
in  milli-equivalents  per  liter. 

The  fourth  column  gives  the  corrected  temperature  of  the  measurement. 

The  fifth  column  gives  the  number  of  grams  of  solution  which  were 
weighed  into  the  dry  bomb  at  the  start. 

The  sixth  column  gives  the  volume,  expressed  in  cubic  centimeters, 
which,  at  the  temperature  (136**)  at  which  the  bomb  was  calibrated,  corre- 
sponds to  the  observed  conductance-ratio.  This  volume  was  obtained  by 
interpolation  from  a  plot  made  as  described  in  section  8.  The  actual  vol- 
ume occupied  by  the  solution  at  the  higher  temperature  is  greater  than  this 
by  an  amount  equal  to  the  expansion  of  the  bomb  upon  heating  from  135** 
to  that  temperature.  The  temperature-coefficient  of  volume  expansion  of 
the  steel  shell  of  the  bomb  is  assumed  to  be  0.000038  per  degree. 

The  seventh  column  gives  the  specific  volume  of  the  solution  at  the  tem- 
perature of  observation.  It  is  obtained  by  dividing  the  values  of  the  pre- 
ceding column,  after  correcting  them  for  the  expansion  of  the  bomb  as 
just  described,  by  the  weight  of  solution  given  in  the  fifth  column. 

The  last  column  gives  the  ratio  of  the  specific  volume  at  the  round  tem- 
peratures 218%  281%  and  306%  to  that  of  the  same  solution  at  4^  Thus, 
this  ratio  shows  the  volume  occupied  by  that  quantity  of  solution  which  at 
4**  has  a  volume  of  1  c.cm.  The  values  are  obtained  from  those  of  the 
preceding  column  by  reducing  them  to  these  temperatures  by  means  of  the 
temperature-coefficient  obtained  from  our  specific-volume  values,  and  then 
dividing  the  results  by  the  specific  volumes  of  the  solutions  at  4**.  These 
specific  volumes  are  as  follows :  0.9968  for  0.1  normal,  and  0.9996  for  0.01 
normal  sodium  chloride;  and  0.9954  for  0.1  normal,  and  0.9995  for  0.01 
normal  potassium  chloride.* 

12.    SUMMARY  OF  THE  SPECinC -VOLUME  VALUES. 

The  final  results  are  brought  together  in  table  2  (page  36).  The  value 
at  140°  is  that  found  by  Hirnf  for  pure  water  reduced  from  the  higher 
pressure  which  he  employed  to  the  vapor-pressure. 

♦These  values  were  computed  from  the  densities  given  by  Kohlrausch  and  Hall- 
wachs  (Wied.  Ann.,  50,  122^  1893)  for  NaCl  at  18**,  and  from  that  given  by  Kohl- 
rausch (Leitvermogen  der  Elektrolyte,  76)  for  a  normal  KG  solution  at  18  ,  under 
the  assumptions  that  the  change  in  density  is  proportional  to  the  concentration  and 
that  the  expansion  is  the  same  between  4**  and  18*  for  thes^  solutions  as  for  water. 

tHirn,  Ann.  chim  phys.  (4),  10,  32  (1867). 
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Table  1. — The  specific-volume  data. 


Date. 

Sobitance. 

Milli- 

eqolTalenti 

per  liter. 

Tcoq^r- 

ature. 

Weighi  of 
•ololion. 

VolUM  BB- 

cofffBCtei. 

BpeclAc 
toIbm. 

Spcdtc 
voIbbw 
rilio. 

1902 

Mar.  31   . 
Apr.  2   .. 
Apr.  3   . . 

May  2  .. 

Apr.  14  . . 
Apr.  14  . . 
Apr.  18  . . 

Apr.  29  . . 
May  1   .. 
June  19  . 

1903 

Mar.  11   . 
Mar.  27  . 

Feb.  20  . . 

Jan.  17  .. 
Mar.  31  . 

Feb.  17  . . 
Feb.  18  . . 

Jan.  30  . . 
Feb.  10  . . 
Feb.  16  . . 
♦Feb.  16  . 

NaCl 

(4 
*( 

Mean.. 

2 

44 
44 

216.4 
216.8 
217.5 

104.16 
104.58 
103.44 

122.75 
123.58 
122.18 

1.1831 
1.1863 
1.1859 

1.1858 
1.1885 
1.1868 

1.1870 

1.1869 

281°.^. 

1.3358 

1.3387 

1.3371 

1.3372 

°  1.3302 
1.8290 
1.3287 

NaCl 

NaCl 

*• 
Mean.. 

100 

217.6 

103.52 

121.79 

1.1862 

2 

44 

44 

280.5 
280.6 
280.6 

92.11 
92.97 
92.65 

122.08 
123.51 
122.94 

1.3343 
1.3374 
1.3359 

NaCl 

44 

Mean. . 

100 

44 
44 

280.7 
280.2 
281.3 

92.83 
93.27 
93.34 

122.07 
122.37 
122.85 

1.3237 
1.3207 
1.3248 

......... 

1.3293 

30tf»M*». 

1.4885 

1.4352 

NaCl 

44 

Mean. . 

2 

44 

305.7 
305.2 

85.40 
85.35 

121.82 
121.30 

1.4373 
1.4318 

1.4368 
1.4362 

NaCl 
NaCl 

44 

Mean. . 

10 

306.1 

304.6 
304.6 

85.69 

86.39 
87.01 

122.14 

120.94 
121.92 

1.4362 

1.4106 
1.4117 

100 

44 

1.4226 
1.4237 

1 

1.4232 

1.4360 
1.4367 

KCl 

4. 

Mean. . 

10 

44 

304.1 
305.4 

85.61 
85.76 

121.24 
122.01 

1.4270 
1.4335 

^   I 

,, 

1.4363 

1.4258 
1.4248 
1.4264 
1.4258 

KCl 

44 
44 
44 

Mean. . 

100 

44 
44 

•* 

304.3 
305.7 
304.7 
304.7 

86.75 
86.78 
86.41 
86.41 

121.56 
122.05 
121.29 
121.24 

1.4119 
1.4171 
1.4143 
1.4137 

1                                                 1 

1.4257 

! 

*Saine  solution  as  in  preceding  experimentp  after  cooling,  shaking,  and  reheating. 


Table  2. — Ratio  of  the  specific  volume  at  various  temperatures  to  that  at  4^, 


Sabitance. 

Equiralent 

concentration 

•t4°. 

Specific-Tolame  ratio. 

26°. 

140°. 

218°. 

281°. 

306°. 

NaCl 

44 

44 
KOI 

0.002 

0.01 

0.1 

0.01 
0.1 

1.0032 
44 

44 

44 

it 

1.0803 
44 

44 

44 
4. 

1.1870 
l!i869 

1.3372 
i!3293 

1.4368 
1.4362 
1.4232 

1.4363 
1.4257 

Section  12, — Summary  of  Specific-Volume  Values.  j/ 

The  results  with  the  0.002  normal  solution  may  be  regarded  as  com- 
pletely identical  with  those  that  would  be  obtained  with  pure  water;  for 
this  solution  contains  only  about  0.01  per  cent  of  salt ;  and,  moreover,  the 
experiments  themselves  show  that  there  is  no  difference  between  the 
specific-volume  ratio  of  the  0.002  and  0.01  normal  solutions,  and  that  the 
difference  between  the  latter  and  that  of  the  0.1  normal  solution  is  some- 
what less  than  1  per  cent,  which  indicates  that  the  order  of  magnitude 
of  the  difference  between  pure  water  and  the  0.002  normal  solution  is 
0.02  per  cent.  The  specific  volume  of  water  is  therefore  1.187  at  218**, 
1.337  at  281%  and  1.437  at  306^  It  is,  according  to  our  estimate  of  the 
possible  errors,  almost  certain  that  these  values  are  not  in  error  by  as  much 
as  0.3  per  cent,  and  it  is  probable  that  the  error  does  not  exceed  half  this 
amount  Previous  determinations  of  the  specific  volume  of  water  at  high 
temperatures  have  been  made  by  Him  up  to  180**,  by  Waterston*  up  to 
320**,  and  by  Ramsay  and  Youngf  up  to  270**.  The  values  obtained  by 
interpolation  from  the  older  results  of  Waterston  are  1.194  at  218**,  1.355 
at  281**,  and  1.454  at  306**,  which  are  seen  to  be  considerably  higher  than 
ours.  Ramsay  and  Young,  however,  found  1.188  at  218**  in  substantial 
agreement  with  our  value. 

Attention  may  also  be  called  to  the  facts  that  the  0.1  normal  solutions 
between  218**  and  306**  expand  appreciably  less  than  pure  water,  but  that 
the  difference  between  the  solutions  of  the  two  salts  scarcely  exceeds  the 
experimental  error. 

13.  THE  CONDUCTANCE-CAPACITY  OF  THE  APPARATUS. 

The  conductance-capacity  was  calculated  from  the  conductance  meas- 
urements at  26**,  using  for  the  specific  conductances  of  the  0.1  and  0.01 
nonnal  potassium  chloride  solutions  the  standard  values  of  Kohlrausch, 
Holbom,  and  Diesselhorst,J  and  for  the  other  solutions  the  values  at  18** 
of  Kohlrausch  and  Maltby,||  and  the  temperature-coefficients  of  Deguisne.§ 
The  quartz-crystal  cup  which  was  used  for  the  first  half  of  the  meas- 
urements (cell  i)  was  accidentally  broken,  and  a  new  one  had  to  be 
substituted  for  the  rest  of  the  work.  After  making  three  experiments 
with  the  new  cup,  the  platinum  lining  of  the  lower  part  of  the 
bomb  had  to  be  removed  and  repaired,  and  this  operation  changed  the 
conductance-capacity.  The  term  cell  iia  will  be  used  to  characterize  the 
bomb  as  it  was  in  these  first  three  experiments  with  the  new  cup,  and  the 

♦Phil.  Mag.  (4)  26,  124  (1863). 
tPhil.  Trans.  (A),  163,  109  (1892). 
tWied.  Ann.,  64,  440  and  451  (1898). 

HWissensch.  Abhandlungen  phys.-techn.  Reichsanstalt,  3,  210  (1900). 
§Dissertation,  Strassburg   (1895) ;   Kohlrausch  and  Holborn,  Leitvcrmogen  der 
Elektrolyte,  199. 
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term  cell  ii  as  it  was  in  all  subsequent  work.  With  these  exceptions,  the 
conductance-capacity  calculated  from  measurements  made  at  widely  dif- 
ferent periods  did  not  vary  throughout  the  work.  Even  when  the  elec- 
trode was  removed  because  of  a  leak,  and  then  replaced,  it  did  not  make 
any  measurable  difference,  as  was,  indeed,  to  be  expected,  since  the  value 
is  so  largely  determined  by  the  dimensions  of  the  quartz  cup.  The  values 
of  the  conductance-capacity,  with  the  solutions  from  which  they  were 
derived,  are  given  in  table  3.  The  unit  of  conductance  employed  here 
and  throughout  this  publication  is  the  reciprocal  ohm. 

Table  3. — Conductance-capacity  at  26^. 


Cell  I. 

Cell  II. 

Subitance. 

MiUi- 

equivalenti 

per  liter. 

Condoctance- 
capacicir. 

SobMtnce. 

MlUi- 

cqoiTaleBtt 

per  liter. 

CoBdnctaiic*- 
capacicy. 

KCl 
NaCl 

KCl 
NaCl 

100 

100 

10 

2 

2 

0.8294 
0.8288 
0.8280 
0.8280 
0.8317 

KCl 

«< 

*( 
NaOl 

100 

10 

2 

2 

0.9853 
0.98i5 
0.9850 
0.9840 

Mean  of  first  two  values 

0.9849 

Mean  of  first  three  values 

0.8287 

Cell  II.- 

NaCl 

100 

0.9M9 

The  original  data  from  which  these  were  calculated  are  all  given  in 
tables  5  and  6.  Each  value  is  the  mean  of  all  of  the  values  calculated 
from  all  of  the  experiments  on  the  solution  in  question  at  26**. 

The  values  derived  from  the  0.002'  normal  solutions  are  not  included  in 
the  means,  because,  owing  to  the  higher  dilution,  they  are  probably  not  so 
reliable  as  the  others.  They  are  given  here,  especially  to  show  that  our 
conductance  measurements  were  not  affected  either  by  polarization  or  by 
unsymmetry  in  the  telephone;  for  had  this  been  the  case,  our  capacity 
values  calculated  from  these  solutions  would  not  have  agreed  with  those 
derived  from  the  0.1  normal  solutions. 

As  explained  in  section  10,  the  conductance-capacity  changes  with 
the  temperature ;  the  percentage  corrections  to  be  applied  at  the  different 
temperatures  of  the  experiments  to  the  values  of  it  at  26*  are  as  follows : 
—  0.23  at  140" ;  —  0.41  at  218" ;  —  0.56  at  281" ;  and  —  0.68  at  306". 


Sections  14-15. — Water  Correction  and  Conductivity  Data.        jp 


14.    THE  WATER  CORRECTION. 

The  conductance  of  the  water  at  the  various  temperatures  of  the  experi- 
ments was  subtracted  from  the  measured  conductance  of  the  solution. 
Two  experiments,  the  data  of  which  are  given  in  table  4,  served  as  a  basis 
for  the  correction.  For  a  fuller  discussion  of  this  correction  see  section  10. 

The  last  two  lines  give  the  percentage  corrections  to  be  applied  at  the 
various  temperatures  to  the  observed  conductances  in  the  case  of  a  0.002 
normal  sodium  chloride  solution.  They  are  given  so  as  to  show  the  order 
of  magnitude  of  these  corrections.  The  correction  decreases  of  course  in 
the  same  proportion  as  the  specific  conductance  of  the  solution  increases. 

Table  4. — Observed  conductance  (X10«)  of  water  in  the  bomb. 


Date. 

Cell 
No. 

I 
II 

I 

u 

26°. 

140°. 

218°. 

281°. 

306°. 

•  • .  • 
7.1 

•  •  •  • 
0.53 

Initial. 

Final. 

Initial. 

Final. 

Initial. 

Final. 

May  14,  1902. 

Feb.  28,  1903. 

Percentage   | 

correction) 

0.85 
1.02 
0.28 
0.38 

1.25 
1.67 
0.41 
0.62 

3.57 

•   •  •  • 

0.33 

.  • .  • 

4.55 

.... 
0.42 

•  •  •  • 

6.1 

•    •   •    • 

0.41 

.... 

6.5 

•  •  •  • 

0.43 

•  ■  •  • 

7.3 

.... 
0.45 

•  •  •  • 

15.    THE  CONDUCTIVITY  DATA. 

Table  5  (pp.  40,  41)  contains  the  conductivity  data  for  the  various  solu- 
tions. The  first  four  columns  require  no  explanation  further  than  the  state- 
ment that  the  concentration  is  expressed  in  milli-equivalents  per  liter  as  has 
been  done  throughout  this  series  of  articles  unless  otherwise  noted.  The 
fifth  column  gives  the  concentration  at  the  temperature  of  the  measure- 
ment, corrected  in  the  case  of  the  140°  and  218**  values  for  the  solvent  in 
the  vapor  space.  The  correction  is  made  as  explained  in  section  10,  and 
amounts  to  +  0.05  per  cent  at  140**  and  +  0.18  per  cent  at  218^  The  sixth 
column  contains  the  observed  resistances  of  the  bomb,  expressed  in  ohms, 
after  correcting  for  errors  in  the  resistance  coils  and  slide  wire,  and 
deducting  the  resistance  of  the  lead-wires.  The  seventh  column  gives  the 
equivalent  conductance  obtained  by  dividing  the  conductance-capacity  for 
the  given  temperature  by  the  concentration  at  ^  (given  in  the  fifth  col- 
umn) and  by  the  resistance  (given  in  the  sixth  column)  after  correcting 
it  for  the  water,  and  by  multiplying  the  result  by  10*. 
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Table  6. — Conductivity  data  for  sodium  chloride. 


1902 

June  23 


June  25 


Cell 
No. 


June  2C 


1903 
Mar.  18 

1902 
May  8  . 


I 


Concen- 
trttkMi 


0.4995 


0.4995 


0.4995 


II 


May  9 


May  10 


1903 
i  Mar.  3 

1902 
May  15 


May  16 


1.998 


II 


1.995 


9.990 


9.990 


Taipera> 
tare,  f*. 


0.4992 


2.018  : 


1.998 


25.91 
140.6 
218.6 
281.1 
218.8 
141.9 

25.91 

25.91 
141.2 
218.9 
281.1 
219.1 
142.2 

25.91 

25.91 
280.8 
219.2 
139.2 

25.91 

26.00 
306.2 
26.00 

25.91 
280.9 
25.91 

25.91 
280.9 

25.91 
138.8 
217.3 

25.91 

25.91 
139.9 
217.9 
281.0 
217.9 
140.1 

25.91 

26.00 
306.6 
26.00 

25.92 
138.8 
218.5 

25.91 
139.0 
218.0 


CoQceB- 
tradoR 


0.4979 
0.4624 
0.4212 
0.3733 
0.4210 
0.4617 
0.4979 

0.4979 
0.4621 
0.4213 
0.3733 
0.4213 
0.4616 
0.4979 

0.4979 
0.3736 
0.4208 
0.4630 
0.4979 

0.4987 
0.3472 
0.4987 

2.012 
1.509 
2.012 

1.991 
1.494 
1.991 
1.852 
1.685 
1.991 

1.991 
1.850 
1.686 
1.495 
1.686 
1.850 
1.991 

1.989 
1.386 
1.989 

9.967 
9.274 
8.438 

9.967 
9.271 
8.440 


^A^V  MM  flBWv>^P  # 


12945 

3564 

2565 

2333 

2571 

3538 
12835 

12932 

3554 

2573 

2333 

2566 

3494 
12614 

12921 

2333 

2565 

3586 
12782 

15305 

2732 

15163 

3293.0 
604.0 
3277 

3326 
608.3 

3314 
927 
669.6 

3313 

3322 
923.8 
669.3 
608.9 
669.0 
921.0 

3310.8 

3926 
720.5 
3909 

687.62 
194.35 
141.54 

688.10 
194.09 
141.30 


con4«ctiBce. 


127.18 

496.1 

753.6 

032.9 

751.9 

498.8 

127.67 

127.31 

497.8 

751.1 

033.4 

752.6 

505.1 

129.84 

127.48 

932.7 

754.0 

490.8 

128.15 

127.05 
1012.4 
127.02 

124.76 

899.9 

125.18 

124.76 

902.8 

125.05 

497.4 

728.4 

125.09 

124.91 

482.2 

728.4 

901.6 

728.7 

483.3 

125.18 

125.65 

975.6 

125.87 

120.92 

458.7 

690.0 

120.83 

459.6 

692.0 
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Table  5. — Conductivity  data  for  sodium  chloride — Continued. 


Date. 

Cell 
No. 

Concen- 
tration 

at  40. 

Tempera- 
ture, f*. 

Concen- 
tration 
at/«. 

Retiitance. 

Equifalcnt 
conductance. 

1902 

May  20 

I 

II 
II 

I 

I 
I 

I 

I 

I 

Ila 
Ila 

9.990 

9.977 
9.977 

102.75 

103.11 
101.53 

101.48 

99.90 
99.90 

99.90 

99.90 
99.90 

25.91 
139.3 
218.0 
283.1 
218.0 
139.9 

25.91 

306.1 
26.00 
305.8 

25.91 
280.7 
139.6 
217.4 

25.91 

25.91 
138.5 
217.4 

25.91 
280.2 
218.4 
139.1 

25.91 

25.91 
217.5 
139.8 

25.91 
140.2 

25.91 
140.3 
281.3 
218.2 
141.2 

25.91 

25.94 
305.1 
25.94 

25.94 
304.6 
25.94 

9.967 
9.267 
8.440 
7.441 
8.440 
9.261 
9.967 

6.944 
9.945 
6.950 

102.42 
77.33 
95.20 
86.80 

102.42 

102.78 
95.65 
87.13 

101.18 
76.49 
85.63 
94.15 

101.18 

101.14 
85.56 
93.95 

99.57 
92.48 

99.57 
92.48 
75.09 
84.28 
92.41 
99.57 

99.58 
70.39 
99.58 

99.58 
70.51 
99.58 

687.99 
193.20 
141.70 
131.62 
141.86 
193.59 
688.28 

156.37 

803.6 

156.50 

74.55 

15.823 

21.568 

16.278 

74.52 

74.25 

21.550 

16.217 

75.12 

15.905 

16.418 

21.810 

75.12 

75.35 

16.524 

21.787 

76.44 
22.018 

76.28 

21.926 

16.226 

16.701 

21.965 

76.23 

91.90 
20.35 
91.72 

91.72 
20.30 
91.72 

120.85 

461.8 

690.0 

841.4 

690.0 

461.2 

120.80 

901.9 

123.24 

900.3 

108.54 

673.5 

402.7 

584.1 

108.59 

108.60 

401.2 

584.1 

109.03 

677.4 

587.1 

402.7 

109.03 

108.75 

583.8 

404.0 

108.88 
406.1 

109.10 

407.8 

676.7 

586.4 

407.4 

109.19 

108.71 

690.7 

108.93 

108.93 

691.3 

108.93 

1903 
Feb.  20 

Feb.  21  

1902 
Apr.  29 

Apr.  30 

May  1  

May  2 

June  18   

June  19  

1903 
Jan.  15   

Jan.  17  
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Table  6. — Conductivity  data  for  potassium  cMorids, 


Date. 


1903 

Mar.  20 

1902 
Aug.  20 


1903 
Mar.  2 


Feb.  17 
Feb.  18 


Mar.  28 

1902 
Aug.  28 


Cell 
No. 


Aug.  25 I 


II 


Feb.  19  II 


II 


II 
II 


II 


Aug.  29 
Sept   2 

Sept.  27 

1903 
Jan.  30 

Feb.  10 

Feb.  13 
Feb.  16 


Ila 
II 

II 
II 


Coocep- 
irtiioa 

«4<». 


0.4999 


2.001 


2.001 


1.997 

10.04 
10.04 

10.04 
10.04 

100.14 


100.14 


100.14 


100.14 

99.92 
99.92 

99.92 
99.92 


inra.  /**. 


26.00 
305.5 
26.00 

25.91 
140.2 
218.0 
281.5 
218.1 
140.3 

25.91 

25.91 
140.0 
218.6 
281.0 
218.9 
140.4 

25.91 

26.00 
306.0 
26.00 

304.1 

305.4 
25.96 

25.96 
26.00 

25.91 
141.2 
220.8 
281.9 
220.8 
141.2 

25.91 
141.6 

25.91 
141.2 
217.8 
141.8 

25.91 
280.7 

304.3 

305.7 
25.94 

25.94 

304.7 


CODMII' 

trtdoB 


0.4983 
0.3484 
0.4983 

1.994 
1.853 
1.689 
1.494 
1.689 
1.853 
1.994 

1.994 
1.853 
1.687 
1.496 
1.686 
1.852 
1.994 

1.991 
1.390 
1.991 

7.006 

6.977 
9.972 

9.972 
9.972 

99.72 
92.56 
84.04 
74.22 
84.04 
92.56 

99.72 
92.52 

99.72 
92.54 
84.45 
92.48 

99.72 
74.43 

70.46 

70.15 
99.60 

99.60 
70.36 


RctiilMCc. 


12981 

2611 

12763 

2790.4 
828.0 
618.9 
574.0 
619.3 
824.7 

2778.5 

2785.6 
824.8 
616.1 
573.6 
617.2 
820.8 

2726.8 

3306.6 

685.8 

3298.0 

148.58 

148.94 
675.0 

681.8 
685.1 


IqaWiltat 
coniRCttBce. 


150.32 
1056.5 
151.70 

148.56 

537.4 

786.8 

957.1 

786.2 

539.4 

149.04 

148.82 

539.4 

791.1 

956.4 

790.0 

542.1 

151.87 

149.02 
1022.2 
149.18 

040.9 

042.4 
146.31 

144.87 
144.18 


63.17 

131.56 

19.760 

452.1 

15.360 

630.4 

15.223 

729.3 

15.341 

640.2 

19.701 

453.5 

63.30 

131.29 

19.724 

453.1 

63.30 

131.15 

19.783 

451.7 

15.406 

G34.3 

19.735 

453.1 

63.04 

131.83 

15.160 

730.3 

19.094 

728.0 

19.068 

732.3 

75.30 

131.34 

75.30 

131.34 

19.043 

731.8 
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16.    SUMMARY  OF  THE  EQUIVALENT  CONDUCTANCE  VALUES  REDUCED 
TO  ROUND  TEMPERATURES  AND  CONCENTRATIONS. 

The  separate  conductance  values  given  in  tables  5  and  6  were  all  cor- 
rected so  as  to  correspond  to  the  uniform  temperatures  of  26**,  140**,  218**, 
281**,  and  306**  by  means  of  temperature-coefficients  obtained  by  plotting 
those  values.  The  so-corrected  equivalent  conductances  are  summarized 
in  the  following  table.    The  concentration  in  table  7  is  expressed  in  milli- 


Table  7. — Equivalent  conductance  at  round  temperatures. 

SODIUM     CHLORIDE. 


Concen- 

26°. 

140°. 

218°. 

Date. 

tration 

281°. 

306°. 

at  4°. 

Initial. 

Final. 

Initial. 

Final. 

Initial. 

Final. 

1902 

June  23.. 

0.4995 

127.48 

127.97 

494.2 

492.6 

751.5 

749.1 

933.0 

June  25.. 

0.4995 

127.61 

130.14 

493.9 

497.9 

748.0 

748.8 

933.0 

June  26. . 

0.4995 

127.72 

128.45 

493.5 

..... 

749.9 

933.2 

1903 

Mar.  18.. 
Mean.. 
1902 

0.4992 

127.05 

127.02 

. .  •  • . 

1011.5 

127.46 

«il28.85( 
(127.02 

494.0 

494.7 

749.7 

748.3 

933.1 

1011.5 

May    8. . 

2.018 

125.05 

125.47 

900.1 

May    9. . 

1.998 

125.05 

125.38 

483.3 

730.5  1903.0 

May  10.. 

1.998 

125.20 

125.47 

482.6 

483.1 

728.7 

729.0 

901.5 

1903 

Mar.  3..I 
Mean.. 

1902 

1.1995 

125.65 

125.87 

973.9 

125.24 

,il25.44( 
1125.871 

482.6 

483.2 

728.7 

729.8 

902.2 

973.9 

May  15.. 

9.990 

121.16 

462.4 

689.7 

May  16.. 

9.990 

121.10 

462.6 

692.1 

May  20. .  i 

9.990 

121.12 

121.07 

464.0 

461.6 

690.1 

690.1 

836.6 

1903 

Feb.  20. . 

9.977 

901.4 

!   Feb.  21.. 

9.977 

...... 

900.5 

Mean.. 

1902 

121.11 

462.6 

690.5 

836.6 

901.0 

Apr.  29.. 

102.75 

108.77 

108.82 

403.8 

585.2 

673.7 

Apr.  30.. 

103.11 

108.83 

405.1 

585.2 

May    1. . , 

101.53 

109.26 

109.26 

405.0 

586.2 

678.1 

May    2.. 

101.48 

108.98 

•  •  •  •  • 

404.5 

584.7 

June  18.. 

99.90 

109.11 

405.7 

June  19.. 

99.90 

109.33 

109.42 

407.1 

404.4 

585.8 

676.1 

1903 

Jan.   15.. 

99.90 

108.87 

109.09 

•  •  •  •  • 

691.0 

Jan.  17.. 

99.90 

109.09 

Jan.   17... 
Mean.. 

99.90 

109.09 

691.6 

109.07 

405 

.1 

585.4 

676.0 

691.3 

*These  two  means  refer  to  the  experimenti  carried  to  281*  and  to  S06*,  reapecthreljr. 
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Table  7. --Equivalent  conductance  at  round  temperatures — Continaed. 

POTAUIUM    CHLORIDI. 


Date. 

Concen- 
tration 
at  4°. 

26°. 

IMfi. 

218». 

281*>. 

306P. 

Initial. 

Final. 

Initial. 

Final. 

Inidal. 

Final. 

1903 

Mar.  20. . 
Mean  . 

1902-03 
Aug.  20.. 
Aug.  25.. 
Mar.    2. . 

Mean.. 

1903 
Feb.  17.. 
Feb.  18.. 
Feb.  19.. 
Mar.  28. . 

Mean.. 

1902 
Aug.  28. . 
Aug.  29. . 
Sept    2.  . 
Sept  27.  . 

1903 
Jan.  30.. 
Feb.  10.. 
Feb.  13.. 
Feb.  16.. 

Mean.. 

0.4999 

150.32 

151.70 

1057.6 

150.32 

151.70 

536.7 
539.4 

786.0 

787.4 

955.8 
966.4 

1057.6 
1022.6 

2.001 
2.001 
1.997 

148.87 
149.13 
149.02 

149.35 
152.18 
149.18 

538.4 
540.7 

786.9 
789.4 

149.01 

•lifg-.lsl   538.0 

539.6 

788.2 

786.7 

956.1 

1022.0 

941.9 
943.5 

10.04 
10.04 
10.04 
10.04 

144! 87 
144.18 

146 [42 

145.16 

448.9 
448.9 
448.0 

942.7 

726.5 
732.3 

*736!7 

100.14 
100.14 
100.14 
100.14 

99.92 
99.92 
99.92 
99.92 

131.81 
131.54 
131.40 
132.08 

131! 51 
131.51 



450.3 
448!4 

..... 
..... 

633.6 

•   •  *   .   a 

634.7 


634.4 

729.4 
736!  4 

131.64 

448.9                   634.2 

729.9 

729.8 

•These  two  means  refer  to  the  experiments  carried  to  281*  and  to  806',  respectively. 

equivalents  per  liter  at  4°.  In  the  columns  headed  "Initial"  are  given  the 
equivalent  conductances  obtained  from  the  measurement  at  the  tempera- 
ture in  question  before  going  to  the  higher  temperatures ;  while  in  the  col- 
umns headed  "Final"  are  given  the  equivalent  conductances  obtained  after 
returning  to  the  temperature  in  question  from  the  higher  ones.  From  a 
comparison  of  the  separate  initial  values  at  any  temperature  and  concen- 
tration the  degree  of  agreement  of  the  determinations  made  at  different 
times,  and  often  with  different  solutions,  will  be  seen.  A  comparison  of 
the  initial  and  final  values  in  the  separate  experiments  shows  the  contami- 
nation that  resulted  from  the  heating.  In  the  cases  of  the  10  and  100 
milli-normal  solutions  where  the  contamination  is  insignificant,  both  the 
initial  and  final  values  have  been  included  in  deriving  the  mean;  in  the 
other  cases,  the  means  of  the  initial  values  and  of  the  final  values  have 
been  taken  separately. 

Table  8  contains  a  summary  of  best  values  derived  from  the  means  in 
table  7.    The  general  mean  of  the  initial  and  final  values  has  been  directly 
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transferred  in  the  cases  of  the  100  milH-normal  and  (except  at  306**)  of  the 
10  milli-normal  solutions.  In  the  other  cases  we  have  adopted  the  mean  of 
the  initial  values  after  correcting  it  for  contamination  when  this  amounted 
to  more  than  0.25  per  cent,  as  shown  by  the  differences  between  the  initial 
and  final  values  at  2G**.  This  contamination-correction  is  based  on  the 
experience  that  when  a  solution  has  once  been  heated  to  the  highest  tem- 
perature of  any  experiment  it  undergoes  no  further  change  of  importance 

Table  8. — Best  values  of  equivalent  conductance  at  round  temperatures. 


Sodium 

chloride. 

Potauium  chloride. 

Tempert- 

.  .         

- 

. 

.  .     — 

lure,  t°. 

Concentra- 

Equivalent 

Concentra- 

BqulTalent 

tion  at  /°. 

conductance. 

tion  at  /°. 

conductance. 

0.5 

107.18 

0.5 

128.11 

18        . 

2.0 

105.55 

2.0 

126.31 

10.0 

101.95 

10.0 

122.43 

I 

100.0 

92.02 

100.0 

112.03 

' 

0.463 

491.5 

1.85 

535.0 

140 

1.85 

482.0 

93.0 

449.0 

9.26 

462.5 

•  •  •  • 

.  • .  • 

^ 

95.2 

405.0 

•  •  •  • 

. . .  • 

' 

0.420 

745 

1.68 

782 

218 

1.68 

727 

84.4 

634 

8.43 

690 

•  •  •  • 

.... 

V 

86.6 

585 

•  •  •  • 

• . .  • 

f 

0.373 

925 

1.49 

949 

281        ] 

1.48 

900 

74.3 

730 

7.47 

836 

•  •  •  • 

•  •  •  • 

V 

77.6 

676 

•  •  •  • 

•  •  •  • 

^ 

0.346 

1011 

0.347 

1051 

306 

1.38 

973 

1.38 

1022             1 

6.93 

895 

6.96 

937        : 

^i 

70.2 

691 

70.2        i 

1 

730 

either  upon  continued  heating  at  that  temperature  or  upon  cooling  and 
reheating.  Therefore  the  difference  in  initial  and  final  values  at  26**  cor- 
responds to  the  change  that  had  already  taken  place  in  the  solution  when 
the  measurement  at  the  highest  temperature  was  made.  Since,  however, 
the  conductance  of  the  contaminating  substance,  if  it  be  a  base  or  acid, 
would  have  a  smaller  temperature-coefficient  than  that  of  the  salt,  it  seemed 
best  to  apply  a  percentage  correction  equal  to  only  two-thirds  of  this  differ- 
ence at  26**.*  Instead  of  reproducing  our  26**  values  in  table  8,  we  have 
inserted  the  more  accurate  ones  of  Kohlrausch  and  Maltby  at  18**.t 

^Mathematically  expressed  the  fractional  correction  in  general  at  any  temperature 

.    .       2      /  Am  (init   — AjiCrin)  A,  (init)  —  A,  (pin)  \      ^1.1^^  j  i.     1. 

/  IS    5-    C  A ^^ —    A — ^"^^  /  '  dropping  out  at 

the  highest  temperature  of  each  series  of  experiments. 
tWissensch.  Abhandl.  phys.-techn.  Reichsanstalt,  3,  210  (1900). 
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In  order  to  compare  the  conductivity  values  at  different  temperatures, 
it  is  desirable  to  correct  those  directly  measured  for  the  change  in  concen- 
tration produced  by  the  expansion  when  a  given  solution  is  heated.  The 
values  in  table  8,  which,  owing  to  this  expansion,  refer  at  different  tem- 
peratures to  somewhat  different  concentrations,  as  is  there  indicated,  have 
been  reduced  to  the  nearest  round  concentrations,  by  a  graphic  interpola- 
tion with  the  help  of  the  nearly  linear  function  -—  =  - — |-  KiCAy*^  (Sec 

A        Aq 

section  17.)    The  so-reduced  values  are  presented  in  table  9. 

In  the  subsequent  stages  of  these  researches  various  other  measure- 
ments of  the  conductivity  of  sodium  and  potassium  chloride  solutions  have 
been  made  by  other  experimenters,  namely,  by  A.  C.  Melcher,  by  G.  W. 
Eastman,  and  by  H.  C.  Cooper.  This  has  been  done  partly  as  a  control 
and  partly  in  order  to  complete  this  first  series  of  measurements.  The 
details  and  original  data  of  these  experiments  will  be  presented  in  the  later 
articles  of  this  series;*  but  in  order  to  simplify  and  shorten  the  discus- 
sion of  the  results  we  have  included  all  of  their  final  values,  together  with 
our  own,  in  table  9.  Our  values  are  indicated  by  adding  the  letters  N-C 
to  the  data,  those  of  A.  C.  Melcher  by  the  letter  M,  of  G.  W.  Eastman  by 
the  letter  E,  and  of  H.  C.  Cooper  by  the  letters  Cp.  The  best  final  values 
which  we  have  derived  by  combining  all  these  data,  a  double  weight  being 
usually  assigned  to  the  later  determinations,  are  printed  in  black  type  in 
the  table.  The  values  at  18**  are  those  of  Kohlrausch  and  Maltby.  The 
values  at  0°  for  potassium  chloride  are  means  derived  from  the  closely 
concordant  determinations  of  Whcthamf  and  of  Kahlenberg.J  All  the 
other  data  in  the  first  table  for  potassium  chloride  were  obtained  by  G.  W. 
Eastman  in  this  laboratory.  The  values  given  in  parentheses  for  zero 
concentration  were  obtained  by  graphic  extrapolation  with  the  help  of  the 

empirical  formula  —  = K(CA)*^,  as  described  in  section  17. 

Ao         A 

In  this  table,  as  in  all  those  containing  final  values  throughout  this  publi- 
cation, the  concentration  is  expressed  in  milH-equivalents  per  liter,  using  as 
atomic  weights  the  values  given  by  the  International  Commission  for  1905 ; 
the  temperature  is  expressed  on  the  hydrogen-gas  scale,  using  for  the 
reduction  to  this  scale  at  218°,  281**,  and  306°  the  values  found  for  the 
boiling-points  of  naphthalene  and  benzophenone  by  Jaquerod  and  Wass- 
mer ;  and  the  equivalent  conductance  is  expressed  in  reciprocal  ohms  and 
refers  to  a  concentration  at  the  temperature  under  which  it  stands  equal  to 
the  value  given  opposite  to  it  in  the  first  column. 

♦See  section  41,  Part  IV,  and  section  54,  Part  V. 
tZ.  phys.  Chem.,  33,  351   (1900). 
jj.  Phys.  Chem.,  5,  348  (1901). 
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Table  9. — Final  values  of  the  equivalent  conductance. 


SODIUM     CHLORIDE 

• 

Concen- 
tration. 

18°. 

100°. 

140°. 

156°. 

218°. 

281°. 

306°. 

0.0 

100.0 

868 

500 

555 

760 

970 

1060 

0.5 

•  •  •  • 

•  •  •  • 

491  N-G. 

•  • .  • 

743  N-G. 

922  N-G. 

1003  N-G. 

44 

•  •  •  • 

355.5  Gp. 

•  •  •  • 

545  Gp. 

738  Gp. 

•  • .  • 

.  •  •  • 

0.6 

107.8 

856.6 

491 

545 

740 

988 

1008 

2.0 

•  •  •  • 

•  •  •  • 

481  N-G: 

. . .  • 

723  N-G. 

895  N-G: 

959  N-G. 

(4 

•  •  •  • 

349.0 B. 

•  •  •  ■ 

•  •  •  • 

■  •  •  • 

.... 

954  M. 

44 

•  •  •  • 

349.0  Gp. 

•  •  •  • 

534  Gp. 

722  Gp. 

■  •  • . 

.... 

8.0 

106.6 

849.0 

481 

584 

788 

895 

955 

10.0 

• .  •  • 

•  •  •  • 

461  N-C: 

•  •  •  • 

685  N-G. 

821  N-G. 

870  N-G. 

44 

•  ■ .  • 

•  ■  • . 

•  •  •  • 

•  •  •  • 

685  M. 

820  M. 

857  M. 

44 

•  •  •  • 

335.5  Gp. 

■  • .  • 

511  Gp. 

684  C^. 

. .  •  • 

• .  • . 

10.0 

108.0 

885.5 

461 

611 

685 

880 

800 

80.0 

•  •  •  ■ 

.  •  •  • 

411  N-G. 

•  •  •  • 

590  N-G. 

674  N-G. 

676  N-G. 

44 

•  •  •  • 

301.0 B. 

.... 

450.5 B. 

591  M. 

674  M. 

682  M. 

80.0 

08.6 

801.0 

411 

450.6 

500 

674 

680 

100.0 

•  •  ■  • 

•  •  •  • 

403.5N-G. 

•  •  ■  • 

•  •  • . 

.... 

• .  •  • 

44 

•  •  •  • 

296.0 B. 

•  •  •  • 

441.5 B. 

•  •  • . 

• . .  • 

.  • .  • 

100.0 

98.0 

896.0 

408.6 

441.5 

.  • .  • 

• . .  • 

•  ■  •  • 

POTASSIUM     CHLORID 

IE. 

Concen- 
tration. 

0° 

18°. 

25°. 

50°. 

75°. 

100°. 

128°. 

0.0 

81.4 

180.1 

(152.1) 

(232.5) 

(321.5) 

414 

(81») 

0.6 

80.6 

188.1 

•  •  •  • 

.... 

•  • . . 

•  • .  • 

.... 

8.0 

70.6 

186.8 

146.4 

.... 

•  • .  • 

896.0 

•  •  .  • 

10.0 

77.6 

188.4 

141.5 

215.2 

295.2 

877.0 

470.0 

80.0 

78.8 

118.5 

•  •  •  • 

. .  •  • 

• . .  • 

841.5 

.  •  •  • 

100.0 

71.6 

118.0 

129.0 

194.5 

264.6 

886.0 

415.0 

Concen- 
tration. 

140°. 

156°. 

218°. 

281°. 

306°. 

0.0 

665 

685 

885 

1005 

1180 

0.6 

•  •  •  • 

•  •  •  • 

• . .  • 

.... 

1044  N-0. 

8.0 

584  N-G. 

588  B. 

779  N- 

G. 

980  N-G. 

1006  N-0. 

10.0 

•  •  •  • 

560  B. 

741  M. 

874  M. 

909  M. 

44 

•  •  •  • 

•  •  •  • 

.... 

• .  •  • 

912  N-O. 

10.0 

• .  •  • 

560 

741 

874 

910 

80.0 

455  N-C. 

•  • .  • 

637  N-^ 

0. 

724  N-G. 

716  N-G. 

1               ** 

•  •  •  • 

489  B. 

640  M. 

722  M. 

722  M. 

80.0 

455 

496 

688 

788 

780 

100.0 

446.6  N-0. 

489.6  B. 

•  ft  •  • 

•  •  •  ■ 

•  •  • . 
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An  examination  of  table  9  shows  that  the  results  obtained  independently 
by  the  various  experimenters  in  this  laboratory  with  different  sets  of  ap- 
paratus and  different  solutions  agree  in  almost  all  cases  within  0.2  to  0.3 
per  cent,  except  at  the  temperature  of  306**,  but  that  at  this  temperature 
there  are  several  deviations  of  nearly  1  per  cent.  Except  at  this  highest 
temperature  the  agreement  is  entirely  satisfactory  and  indicates  a  cor- 
responding precision  of  the  results ;  and  even  at  306*"  it  is  probable  that  the 
final  values  adopted  are  not  in  error  by  more  than  0.3  per  cent,  since  the 
later  measurements  made  in  larger  number  and  after  more  experience 
by  Mr.  A.  C.  Mclcher  are  probably  more  accurate  than  our  own. 

17.    CHANGE  OF  EQUIVALENT  CONDUCTANCE  WITH  THE 

CONCENTRATION. 

It  is  a  well-known  fact  that  the  mass-action  law  does  not  express  even 
approximately  the  change  with  the  concentration  of  the  ionization  of  salts 
and  strong  acids  and  bases,  when  this,  in  accordance  with  the  familiar 
hypothesis  of  the  ionic  theor>',  is  calculated  from  the  conductance  ratio 
A/Ao-  This  has  led  to  the  proposal  of  numerous  other  functions,*  which 
have  for  their  purpose  an  accurate  representation  of  the  experimental 
values  of  the  equivalent  conductance  and  the  ionization  values  deduced 
therefrom.  The  extended  discussion  of  the  matter  has  not  yet  led  to  any 
conclusion,  so  far  as  the  theoretical  explanation  of  the  phenomenon  is 
concerned.  There  have,  however,  been  discovered  some  simple  empirical 
formulas  which  at  ordinary  temperatures  express  the  observed  results 
satisfactorily. 

Those  which  contain  only  a  single  arbitrary  constantf  have  the  follow- 
ing form  when  expressed  in  terms  of  the  equivalent  conductance  (A)  at 
any  concentration  C  and  the  limiting  conductance  A©  at  zero  concentra- 
tion: 

'^"  ~  '^  =  K  (Kohlrausch)  \^0   ~  ^  (Barmwater) 

'^^^  =  K  (van't  Hoff )  "lP(J  =  ^  (Rudolphi) 

♦Compare  Kohlrausch,  Wied.  Ann.,  26,  200  (1885)  ;  50,  394  (1893)  ;  MacGreffory, 
ibid,  51,  133  (1894)  ;  Barmwater,  Z.  phys.  Chem.,  28,  134.  428  (1899)  ;  Sabat,  ibid., 
41,  224  (1902)  ;  Muller,  Compt.  rend.,  128,  505  (1899)  ;  Riidolphi,  Z.  phys.  Chem., 
17,  385  (1895)  ;  van't  Hoff,  ibid.,  18,  300  (1895)  ;  Kohlrausch,  ibid.,  18.  662  (1895)  ; 
Storch,  ibid.,  19,  13  (1896) ;  Bancroft,  ibid.,  31,  188  (1899)  ;  Jahn,  ibid.,  37,  499 
(1901}  ;  41,  265,  288  (1902)  ;  Nemst,  ibid.,  38,  493  (1901)  ;  Bousfield,  ibid.,  53.  263 
(1905)  ;  Kohlrausch  and  Maltby,  Wissensch.  Abhandl.  phys.-techn.  Reichsanstalt,  3, 
219  (1900)  ;  Kohlrausch,  Sitzungsber.,  preus.  Akad.,  44,  1002  (1900)  ;  Kohlrausch 
and  Steinwehr,  ibid.,  1902,  581;  Kohlrausch  and  Griineisen.  ibid.,  1904,  1215. 

tKohlrausch  and  Maltby  (loc.  cit.  p.  219)  and  Kohlrausch  and  Griineisen  (loc.  cit) 
find  that  the  formula  A©  —  A,  =  A'C*  applies  closely  to  the  results  with  uni-univalent, 
uni-bivalent,  and  bi-bivalent  salts  between  0.002  and  0.0001  normal,  but  that  large 
deviations  exist  at  higher  concentrations,  even  at  0.01  normal. 
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It  seemed  therefore  to  be  of  especial  interest  to  test  the  applicability  of 
these  formulas  at  the  widely  different  temperatures  employed  in  our 
experiments.  When  such  a  test  is  made  by  direct  substitution  the  results 
are  in  a  high  degree  dependent  on  the  values  of  Ao  employed,  since  in 
dilute  solutions  Ao  —  A  is  a  relatively  small  quantity ;  yet  in  several 
instances  authors  have  not  given  sufficient  consideration  to  this  matter. 
The  most  satisfactory  method  of  procedure  seems  to  us  to  be  the  elimina- 
tion of  the  Ao  value,  which  can  not  be  determined  with  sufficient  accuracy 
by  extrapolation,  by  writing  the  functions  in  the  following  form : 

A  =  Ao  —  A"  C*  (Kohlrausch)  A  =  Ao  —  /l  A*  C*  (Barmwater) 

A  =  Ao  —  a:  A»0  (van't  Hoflf)  A  =  A^  —  K  A^  C*  (Rudolphi) 

and  then  plotting  the  values  of  A  along  one  coordinate  axis  and  those  of 
the  C-A  function  constituting  the  last  term  (that  is,  C*,  A*  C*,  etc.)  along 
the  other  axis.  If  the  function  in  question  holds,  the  points  will  of  course 
lie  upon  a  straight  line;  and  by  comparing,  in  the  case  of  the  different 
functions,  the  deviations  of  the  separate  points  from  the  best  representa- 
tive straight  line  that  can  be  drawn,  a  measure  of  the  degree  of  applica- 
bility of  each  function  is  obtained.  All  our  complete  series  of  measure- 
ments and  those  of  Kohlrausch  and  Maltby  on  the  same  salts  at  18**  have 
been  studied  in  this  way,  a  plot  on  a  very  large  scale  being  employed. 
The  straight  lines  were  drawn  in  every  case  so  as  to  represent  most 
closely  the  points  for  the  concentrations  100  or  80,  10,  and  2  milH- 
normal,  and  the  average  of  the  percentage  deviations  of  the  observed  A 
values  at  these  three  points  taken.  These  averages  for  the  two  functions 
are  given  in  the  following  table  under  C*  and  (CA)^  respectively. 

Table  10. — Mean  percentage  deviations  of  the  ohsewed  values  of  the  equivalent 
conductance  from  those  calculated  by  the  cube-root  functions. 


Sodium 

chloride. 

PotMsium 

chloride. 

Temper- 

ature. 

ci 

(CA)i 

C* 

(CA)4 

18 

0.1 

0.15 

0.05 

0.05 

100 

0.05 

0.1 

0.1 

0.05 

140 

0.05 

0.1 

•  •  •  • 

•  •  •  •            ■ 

156 

0.1 

0.15 

0.15 

0.05 

218 

0.15 

0.2 

0.2 

0.3 

281 

0.45 

0.35 

0.05 

0.1 

306 

0.4 

0.4 

1 

0.45 

0.3 

It  will  be  seen  that  the  deviations  from  either  function  are  insignificant 
up  to  156**,  but  that  they  become  considerable  at  the  higher  temperatures. 
It  may  be  of  interest  to  state  also  the  percentage  deviations  of  our  straight 
line  corresponding  to  the  Kohlrausch   function  from  the  points  repre- 
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seating  the  conductances  of  sodium  and  potassium  chloride  at  18*  in 
the  still  more  dilute  solutions  investigated  by  Kohlrausch  and  Maltby. 
These  deviations  are  —  0.63  and  —  0.42  per  cent,  respectively,  in  case  of 
the  0.0001  normal  solutions,  and  —  0.36  and  —  0.26  per  cent,  respectively, 
in  that  of  the  0.0002  normal  solutions.  Thus  this  function  does  not  satis- 
factorily represent  the  results  at  very  low  concentrations,  and  seems  there- 
fore unsuitable  for  obtaining  the  value  (A^)  at  zero  concentration. 
Moreover,  this  function,  as  well  as  that  of  Barmwater,  does  not  seem  to 
admit  of  any  theoretical  interpretations,  since  it  does  not  even  correspond 
to  any  functional  relation  between  the  concentrations  of  the  ions  and 
un-ionized  molecules. 

The  fact  that  the  van't  Hoff  equation  does  not  satisfactorily  express 
the  results  with  many  salts*  at  18**  and  26**  has  led  to  the  suggestion 
by  Storch  and  later  by  Bancroft  that  a  general  expression  of  the  form 
Ao  —  A  =  KA^C^-^  be  employed,  the  exponent  n  being  varied  as  required 
by  the  results  with  different  salts.  An  equation  of  this  general  form  has 
the  advantage  that  it  does  express  the  concentrations  of  the  ions  and 
un-ionized  substance  as  a  function  of  each  other.  This  becomes  obvious 
when  the  function  is  written  in  the  form  C(Aq  —  A)  ^=  K(AC)^,  which 
is  equivalent  to  C(l  — y)  =  const.  X  (Cy)",  where  y  is  the  conductance 
ratio  (A/Ao)  or  the  fraction  of  the  salt  ionized.  That  such  an  expres- 
sion with  three  arbitrary  constants  (assuming  that  A^  is  to  be  deter- 
mined with  the  help  of  the  function  itself)  can  be  made  to  express  the 
conductivity  fairly  accurately  through  a  considerable  range  of  concen- 
tration is  obvious.  It  is  nevertheless  of  interest  to  determine  what  values 
of  the  exponent  n  must  be  used  for  different  salts  and  for  the  same  salts 
at  different  temperatures.  For  this  purpose  it  is  best  to  write  the  equation 
in  the  form 

1  =  1  +A\(CA)-^ 
A        Ao 

and  to  plot  the  values  of  -    against  those  of  (CA)"-^  the  exponent  being 

given  successively  different  values  (in  the  neighborhood  of  0.5)  until 
the  points  fall  as  nearly  as  possible  on  a  straight  line.  We  have  done  this 
with  the  final  values  for  sodium  and  potassium  chloride  given  in  table  9. 
The  values  of  the  exponent  n  so  found  at  various  temperatures  are 
given  in  table  11.  It  was  usually  possible  to  determine  them  within  0.02. 
It  will  be  seen  that  the  exponent  varies  but  little  with  the  temperature, 
and  that  the  results  do  not  correspond  at  all  closely  at  any  temperature 
with  the  mass-action  law,  which  requires  the  exponent  2. 

*Sec  Kohlrausch  and  Maltby,  loc.  cit.,  p.  222. 
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Table  11. — Values  of  the  exponent  n  in  the  function  C(A«  —  A)  =iC(CA)». 


Substance. 

QP. 

18°. 

100°. 

140°. 

156°. 

218°. 

281°. 

306°. 

KCl    

NaCl    

1.50 

•  • . . 

1.42 
1.42 

1.40 
1.48 

.... 
1.48 

1.40 
1.50 

1.48 
1.50 

1.50 
1.47 

1.48 
1.46 

This  form  of  function  seems  to  us  to  furnish  the  best  means  of  deter- 
mining the  value  of  Ao,  at  any  rate  in  cases  where  a  series  of  accurate 
measurements  at  very  small  concentrations  is  not  available;  we  have 
therefore  employed  this  method  generally  throughout  this  series  of  inves- 
tigations. The  values  of  Ao  given  in  table  9  (except  those  at  18**  which 
were  derived  by  Kohlrausch  and  Maltby)  were  obtained  in  this  way  by 
graphic  extrapolation  upon  the  plots  just  referred  to. 

It  is  interesting  to  compare  the  A^  values  to  which  this  method  leads 
with  those  derived  by  Kohlrausch  and  his  co-workers  at  18**  by  appli- 
cation of  the  function  A©  —  A  =  KC^  to  his  own  conductivity-values  at 
very  small  concentrations  (0.1  to  2  milli-normal).  We  have  made  the 
necessary  calculations  for  seven  salts  of  two  different  types  with  the 
following  results.  The  table  also  contains  the  results  obtained  by  Kohl- 
rausch by  applying  the  function  A©  —  A  =  KC^A^  at  concentrations 
between  0.1  and  100  milli-normal. 


KCl. 

NaCl. 

KNOs. 

AfNOs. 

Ba(N0s)9 

Ks804. 

CaCls. 

AobyAo~A-A^(rA)**. 
AobyAo— A  =  A^C*A'... 
Ao  by  Ao  —  A  =  A^C* 

130.6 
130.1 
129.9 

109.8 
109.0 
108.9 

126.3 
126.5 
126.4 

115.7 
115.8 
115.8 

117.0 
117.7 
117.0 

134.7 
133.5 
132.5 

119.0 
117.5 
116.7 

The  values  of  Ao  obtained  from  the  conductances  at  moderate  con- 
centrations either  by  the  Storch  function  or  the  Kohlrausch  function 
Ao  —  A  =K0AP  are  seen  to  be  usually  somewhat  higher  than  those  derived 
from  the  conductances  at  very  low  concentrations;  but  the  differences 
are  not  as  a  rule  very  important,  being  less  than  1  per  cent,  except  in  the 
last  two  cases. 


♦Assuming  n  —  i  =  0.42  for  KCl  and  NaCl,  0.50  for  KNOi,  0.52  for  AgNOi,  0.55 
for  Ba(NOi)8,  0.45  for  K.SO4,  and  0.40  for  CaCls,  which  arc  the  values  which  give 
a  most  nearly  linear  function  between  2  and  50  milli-normal.  With  KaSO«,  however, 
no  value  of  the  exponent  gave  a  fully  satisfactory  expression  of  the  conductance 
values.  Incidentally  it  is  of  interest  to  note  that  the  conductance  value  at  100 
milli-normal  was  greater  than  that  required  by  the  assumed  function  by  the  following 
percentage  amounts:  0.36  for  KCl,  0.00  for  NaCl,  0.06  for  AgNOt,  0.00  for 
Ba(NOs)3,  0.4  for  K.SO«,  and  0.3  for  CaO.. 
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18.    CHANGE  OF  THE  EQUIVALENT  CONDUCTANCE  WITH  THE 

TEMPERATURE. 

We  shall  in  this  section  confine  our  considerations  almost  wholly  to 
the  effect  of  temperature  on  the  conductance  (Ao)  extrapolated  for  zero 
concentration;  for  at  higher  concentrations  the  equivalent  conductance 
of  the  salt  is  the  product  of  two  factors  —  the  degree  of  ionization  of  the 
salt  and  the  equivalent  conductance  of  its  ions;  and  the  first  of  these 
factors  is  best  discussed  separately,  as  will  be  done  in  section  19. 

Attention  may  first  be  called  to  the  fact  that  the  limiting  conductances 
of  the  two  salts  approach  equality  as  the  temperature  increases ;  thus  the 
ratio  of  Ao(NaCi)  to  Ao(KCi)  has  the  following  values  at  the  various  temper- 
atures : 


180 
0.84 


100*> 
0.87 


14(|P 
0.88 


IbfP 
0.89 


2180 
0.92 


asio 

0.96 


9MP 
0.06 


The  percentage  difference  in  the  migration-velocities  of  the  potassium 
ion  and  sodium  ion,  therefore,  becomes  less,  the  higher  the  temperature. 

In  order  to  show  more  clearly  the  character  of  the  relation  between 
migration-velocity  and  temperature  we  have  calculated  the  mean  temper- 
ature-coefficients (AAo/A/)  for  the  successive  temperature-intervals,  and 
these  were  found  to  be  as  follows: 

I 


0-18 

18-50 
3.20 

•   •  •  • 

1&-100 

3.46 
3.09 

50-100 

100-156 

156-218 

218-281 

281-.V6 

KCl    

NnCl    

2.70 

•  •  •  • 

3.63 

•  •  •  • 

3.77 
3.44 

3.23 

3.31     . 

1 

2.86 
3.33 

4.60 
4.40 

It  will  be  seen  that  up  to  about  156"  the  temperature-coefficient  of  the 
conductance  values  extrapolated  for  zero  concentration  increases  steadily, 
and  then,  between  156°  and  281°,  decreases  markedly  in  the  case  of  potas- 
sium chloride  and  remains  nearly  constant  in  the  case  of  sodium  chloride, 
while  above  281°  a  pronounced  increase  again  takes  place  with  both  salts. 

It  is  also  of  interest  to  compare  the  fractional  change  in  equivalent 
conductance  with  that  in  the  viscosity  of  the  water ;  for  the  former  is  doubt- 
less more  closely  related  to  the  latter  than  to  any  other  simple  physical 
property.  The  viscosity  (rj)  of  water  has  been  measured  by  several 
experimenters  at  temperatures  below  100°  and  by  de  Haas  at  124",  142*, 
and  153°.*  In  the  table  on  the  next  page  are  given  in  the  same  columns  the 
ratio  (Ao)t2-  (^o)n  for  potassium  chloride  and  rjtiirjin  for  water  for  a 
number  of  consecutive  pairs  of  temperature.    The  values  of  the  viscosity  i| 


♦See  Landolt-Bornstein-Meyerhoffer,  Physigalisch-chemische  Tabcllen,  p.  76.     de 
Haas'  values  are  0.00223  at  124°,  0.00193  at  142**,  and  0.00181  at  153*. 
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used  up  to  100°  are  those  of  Thorpe  and  Rodger  and  for  128**  and  166**  the 
values  were  interpolated  from  the  data  of  de  Haas. 


t|=18 
<i=0 

ti=50 
<l=18 

k=7S 

<«=100 
<i=  75 

k=126 
/l=100 

<«=156 
fi»128 

(Ao)ti:(Ao)ti.... 
iiti  :  vu 

1.60 
1.69 

1.79 
1.92 

1.38 
1.44 

1.29 
1.34 

1.26 
1.32 

1.20 
1.20 

/•i  •  /i^.. ......... •• 

It  is  evident  that  there  is  a  parallelism  in  the  change  in  the  two  prop- 
erties, but  that  at  all  temperatures  the  viscosity  is  changing  considerably 
more  rapidly  than  the  equivalent  conductance. 

Finally,  attention  may  be  called  to  the  fact  that  at  the  highest  concen- 
tration (80  milli-normal)  the  equivalent  conductance  of  potassium  chlo- 
ride passes  through  a  maximum  value  between  281°  and  306°,  owing 
to  the  increase  in  the  equivalent  conductance  of  the  ions  being  compen- 
sated by  decrease  in  ionization ;  and  that  of  sodium  chloride  nearly  attains 
such  a  maximum. 

19.    IONIZATION  VALUES  AND  THEIR  CHANGE  WITH  THE 
CONCENTRATION  AND  TEMPERATURE. 

The  percentage  ionization  of  the  two  salts  at  the  different  concentra- 
tions and  temperatures,  obtained  by  dividing  the  values  given  in  table 
9  of  the  conductance  at  any  concentration  by  that  extrapolated  for  zero 
concentration,  is  shown  in  table  12. 


Table 

12. — Percentage 

ionisation. 

Subitance. 

Concen- 
tration. 

18°. 

100°. 

140°. 

156°. 

218°. 

281°. 

306°. 

1 
0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

0.5 

98.4 

98.2 

98.2 

98.2 

97.3 

95.1 

92.8 

NaOl 

2.0 

96.7 

96.4 

96.2 

96.2 

94.9 

92.3 

87.5 

10.0 

93.6 

92.7 

92.2 

92.1 

90.2 

84.5 

79.6 

80.0 

85.7 

83.2 

82.2 

81.2 

77.7 

69.5 

62.9 

> 

100.0 

84.3 

81.8 

80.7 

79.6 

•  • .  • 

•  •  •  • 

.... 

p 

0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

0.5 

98.5 

. .  *  • 

•  •  •  • 

•  •  •  ■ 

•  •  ■  . 

.  •  •  • 

93.3 

KCi 

2.0 
10.0 

97.1 
94.2 

94.9 
91.1 

94.5 

.  •  •  • 

94.2 
89.7 

94.4 
89.8 

93.3 
86.9 

90.0 
81.2 

80.0 

87.3 

82.6 

80.6 

79.7 

77.3 

71.9 

64.2 

k 

100.0 

86.0 

81.2 

79.1 

....        1 

78.3 

• .  ■  • 

• .  •  • 

•  • . . 

The  change  of  ionization  with  ibe  concentration  at  any  definite  tem- 
perature does  not  require  special  discussion  since  the  functional  rela- 
tion must  be  of  a  corresponding  form  to  that  between  equivalent  con- 
ductance and  concentration,  which  was  discussed  in  section  17.    It  will 
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suffice  to  recall  that  the  results  with  the  two  salts  are  satisfactorily 
expressed  up  to  156*  (except  at  very  low  concentrations)  by  the  functions 
(1  —  y)  =KO  and  (1  —  y)  =  K{Cy)\  where  y  is  the  conductance-ratio 
A/Ao  or  the  ionization;  and  also  that  when  the  function  C(l  —  y)  = 
K{Cyy  is  applied  to  the  data  the  value  of  the  exponent  n  varies  at 
diflFerent  temperatures  only  from  1.40  to  1.50  in  the  case  of  either  of 
the  salts.    It  is  worthy  of  note  that  the  last  function  may  also  be  written 

in  the  form :  ^\^  ^^    .  =  K(Cy) "  where  m,  which  is  equal  to  2  —  n,  has 

0(1  — y) 

values  between  0.50  and  0.60. 

It  will  be  seen  that,  especially  in  the  80  milli-normal  solution,  the  ioni- 
zation has  decreased  very  greatly  at  the  higher  temperatures,  namely, 
from  86  -  87  per  cent  at  18*  to  63  -  64  per  cent  at  306* ;  and  that  the 
decrease  is  becoming  extremely  rapid  at  those  temperatures. 

Table  12  also  shows  that  the  ionization  values  for  the  two  chlorides  are 
nearly  identical  at  all  temperatures  and  concentrations,  the  variations 
being  irregular  and  sometimes  in  opposite  directions. 

20.    SUMMARY. 

In  this  article  has  been  described  the  construction  of  a  platinum-lined 
bomb  of  124  c.cm.  capacit}'  with  electrodes  insulated  by  quartz-crystal 
cylinders,  by  means  of  which  the  conductivity  and  specific  volume  of 
aqueous  salt  solutions  can  be  determined  with  an  accuracy  of  0.2  or  0.3 
per  cent,  at  least  up  to  a  temperature  of  306*. 

Measurements  of  the  conductivity  and  specific  volume  have  been  made 
upon  solutions  of  sodium  and  potassium  chlorides  at  concentrations  vary- 
ing from  0.0005  to  0.1  normal,  at  the  temperatures  100*,  140*,  156*,  218*, 
281**,  and  306**.  Conductance  values  for  potassium  chloride  at  tempera- 
tures intermediate  between  18*  and  100*  have  also  been  presented.  For 
the  final  results  see  table  9,  page  47. 

The  results  obtained  with  these  salts  show  that  even  at  the  highest 
temperature  the  ionization  calculated  from  the  conductance-ratio  does  not 
change  with  the  concentration  in  much  closer  accord  witii  the  require- 
ment of  the  mass-action  law  than  at  the  ordinary  temperature.  Vari- 
ous empirical  functions  which  have  been  proposed  for  the  expression  of 
the  change  of  conductance  with  the  concentration  were  tested  as  to  their 
applicability  to  the  results  at  these  widely  diflFerent  temperatures  by  a 
graphical  method  by  which  the  cflFect  of  the  uncertainty  in  the  equivalent 
conductance  (A^)  for  zero  concentration  was  eliminated.  It  was 
found  that  of  those  containing  only  two  arbitrary  constants  the  ones 
given  by  Kohlrausch,  Ao  —  A  =  KO,  and  by  Barmwater,  A^  —  A  = 
KaKK  were  satisfactor>'  at  temperatures  up  to  156*,  but  that  at  higher 
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temperatures  there  were  considerable  deviations  between  the  observed  and 
calculated  values.  To  make  applicable  the  general  function  A©  —  A  = 
/lA^C""^  (of  which  the  van't  HoflF  function  Ao  —  A  =  K\  C*  is  a  special 
case),  it  is  necessary  to  vary  the  exponent  n  somewhat  with  the  nature  of 
the  salt  and  with  the  temperature.  The  values  of  n  lie,  however,  between 
1.40  and  1.50  for  both  salts  at  all  temperatures. 

The  conductance  values  extrapolated  for  zero  concentration,  and  there- 
fore the  migration-velocities  of  the  ions,  were  found  to  increase  with  the 
temperature  steadily,  but  not  uniformly.  It  is  shown  that  at  any  rate  up 
to  156**  there  is  a  rough  parallelism  between  the  equivalent  conductance 
of  the  ions  and  the  fluidity  (reciprocal  of  the  viscosity)  of  the  water  as 
determined  by  other  workers;  but  that  the  latter  increases  at  all  these 
temperatures  somewhat  more  rapidly  than  the  equivalent  conductance  of 
completely  ionized  potassium  chloride. 

The  ratio  of  the  equivalent  conductance  of  sodium  and  potassium  chlo- 
rides at  zero  concentration  decreases  from  0.84  at  18**  to  0.96  at  306**,  show- 
ing that  the  migration-velocities  of  the  sodium  and  potassium  ions  are 
slowly  approaching  relative  equality. 

The  degrees  of  ionization  of  the  two  salts  are  nearly  identical  (extreme 
variation  about  2  per  cent)  at  all  temperatures  and  concentrations.  The 
ionization  in  0.08  normal  solution  has  approximately  the  following  values : 
86  per  cent  at  18^  83  per  cent  at  100%  80  per  cent  at  156%  77  per  cent  at 
218%  70  per  cent  at  281%  and  63  per  cent  at  306^  It  is  decreasing  with 
great  rapidity  at  the  higher  temperatures.  Its  change  with  the  concen- 
tration is  at  all  temperatures  accurately  expressed  by  an  equation  of  the 

(CyY 
form  ^.     ^     .  =  K(Cy)^  in  which  the  exponent  m  always  has  values 
C  (1       y) 

lying  between  0.50  and  0.60. 

The  specific  volume  of  the  0.002  normal  solutions,  which  can  be 
regarded  as  identical  with  that  of  pure  water,  was  found  to  be  1.187  at 
218%  1.337  at  281%  and  1.437  at  306%  The  expansions  of  the  two  0.1 
normal  solutions  are  substantially  identical,  but  somewhat  less  than  that 
of  water,  as  is  shown  by  the  fact  that  the  ratio  of  their  specific  volumes 
at  306**  and  4**  is  1.424,  instead  of  1.437. 
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Part  III. 

LATER  MODIFICATIONS  OF  THE  APPARATUS  AND  METHOD. 


Since  the  work  described  in  Part  II  of  this  publication  was  completed, 
three  other  bombs  and  various  heaters  have  been  constructed  and  used, 
and  the  experience  gained  in  constructing  these,  and  especially  that  gained 
in  adapting  the  apparatus  to  use  at  still  higher  temperatures,  has  led  to 
certain  important  modifications  in  the  original  apparatus  and  method, 
which  will  be  here  described. 

21.    NEW  MATERIAL  FOR  THE  SHELL  OF  THE  BOMB. 

A  hot-rolled,  open-hearth,  low-carbon  steel  has  been  employed  in  the 
three  new  bombs  instead  of  the  crucible  steel  used  in  the  original  one. 
This  material  works  much  easier  in  the  lathe  and  thus  makes  the  con- 
stniction  of  the  shell  easier.  It  is  probably  also  better  adapted  to  the 
purpose,  since  ductility  rather  than  extreme  tensile  strength  is  desirable. 

These  bombs  were  all  cut  without  forging  from  one  bar  of  the  steel, 
as  was  also  a  test  piece  for  the  determination  of  its  coefficient  of  heat 
expansion.  This  last  was  determined  in  this  laboratory  by  Mr.  R.  B. 
Sosman  by  means  of  the  Abbe-Fizeau  dilatometer  as  improved  by 
Pulfrich.*  For  this  purpose  the  specimen  in  the  form  of  a  ring  5  mm. 
thick,  and  of  32  mm.  external  and  22  mm.  internal  diameter,  was  cut  out 
of  the  solid  stock,  taking  care  in  machining  it  that  the  last  cuts  should 
be  very  light,  so  as  not  to  change  the  properties  of  the  steel  by  the 
mechanical  treatment.     Mr.  Sosman  found  for  the  true  coefficient  of 

linear  expansion  (o  =  ■=—  -7-)  between  the  limits  of  temperature  0*  and 

'0  ^' 
350": 

lO^a  =  116  -f  0.101 1 
or  for  the  volume  of  the  bomb  {Vt)  at  /** : 

Ft  =  Fo(l  -f  345  X  10-^/  -f  0.152  X  10"^  /*) 

22.    SCREW-THREAD  ON  THE  STEEL  SHELL. 

The  ordinary  thread  of  the  form  ^  originally  used  has  been  replaced 

by  a  thread  of  the  form  ^,  as  is  illustrated  in  fig.  9.  This  form  of  thread 
reduces  friction,  prevents  the  spreading  of  the  large  nut  with  use,  which 
was  noticeable  with  the  ordinary  thread  and  which,  of  course,  weakened 
the  bomb,  and  prevents  the  slight  lifting  of  the  cover  which  took  place, 

*Z.  Instnitnentenkunde,  13,  365,  401,  437  (1893). 
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due  to  the  spreading  of  the  large  nut  when  the  pressure  came  on  within 
the  bomb  and  when,  at  any  stage  of  the  heating,  the  large  nut  was 
heated  faster  than  the  lower  part  of  the  txxnb. 

A  second  screw-thread  of  exactly 
the  same  size  as  the  first  is  also  cut 
below  the  hexagonal  part  of  the  steel 
shell,  as  shown  in  the  same  figure. 
This  screws  into  the  special  chuck 
described  in  section  S3,  and  so  helps  in 
the  construction  of  the  branb  and  in 
the  removal  of  the  platinum  lining 
from  the  shell.     (See  section  S6.) 

23.    SPEaAL  LATHE-CHUCK  U3H>  IN  THE  CONSTRUCTION  OF  THE  BOMB. 

The  construction  work  has  been  greatly  facilitated  by  the  use  of  a 
special  lathe-chuck.  This  is  shown  in  vertical  section  in  fig.  10.  It  is 
a  cup-shaped  piece  of  cast  iron  which  at  the  lower  end  screws  on  to  the 
spindle  of  the  lathe.  The  upper  end  is  made  to  take  the  thread  on 
the  shell  of  the  bomb.  All  of  the  finishing  of  the  shell,  both  at  the  top 
and  bottom,  is  done  with  the  latter  screwed  into  this  chuck,  with  the  result 
that  the  bomb  can  at  any  time  be  brought  into  the  lathe  so  as  to  run 
perfectly  true. 


Ft.  9. 


24.    A  NEW  OOMPOSriE  UNING  FOR  THE  BOMB. 

The  original  form  of  the  platinum  lining  of  the  lower  part  of  the 
bomb  was,  when  once  in  place,  perfectly  satisfactory  for  work  up  to 
306°.  But  for  higher  temperatures  the  lining  always  leaked  at  the  curved 
portion  near  the  bottom.  This  was  doubtless  due  to  the  unequal 
expansion  upon  heating  of  the  shell  and  lining.  These  were  fastened 
together  by  the  screws  and  packing-ring  at  the  upper  end  and  by  the 
electrode  at  the  lower  end.  Upon  heating  there  was  a  tendency  for  the 
steel,  which  expands  more  than  platinum,  to  draw  away  from  the  latter, 
leaving  it  unsupported  at  the  bend.  The  effect  of  this  was  not  evident 
up  to  306°,  but  at  higher  temperatures  it  caused  a  very  bad  leak,  for  at 
these  temperatures  water  passes  freely  through  the  pores  of  the  platinum 
at  any  unsupported  place.  Moreover,  there  was  always  a  great  deal  of 
difficulty  in  originally  fitting  the  lining  to  the  curved  portion  of  the 
bottom,  so  that  upon  first  applying  the  hydraulic  pressure  the  lining 
often  tore  at  this  point. 

These  difficulties  are  entirely  obviated  by  doing  away  with  the  curved 
portion,  thus  making  the  bottom  flat,  and  by  usmg  a  lining  made  in 
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part  of  platinum  and  in  part  of  gold.  This  plan  is  illustrated  in  fig.  11. 
a,  a  is  the  flange,  which  is  now  made  of  a  platinum-iridium  alloy  con- 
taining 12  per  cent  of  iridium;  for  this  alloy  is  sufficiently  hard  for  the 
purpose  and  can  be  rolled  into  the  groove  in  the  shell  without  the  slight 
danger  of  cracking  inherent  in  the  use  of  the  15  per  cent  alloy,  b,  b  is 
the  body  of  the  lining  and  is  made  of  commercially  pure  platinum,  which 
has  the  advantage  of  being  somewhat  more  ductile  than  tJie  ordinary 
platinum  containing  about  2  per  cent  of  iridium,  c,  c  is  3,  cup  of  fine  gold, 
formed  by  pressing  a  sheet  of  gold  through  a  die.  It  is  about  1  cm.  high 
and  is  fused  at  its  upper  edge  only  to  b,  b.  Its  advantages  over  platinum 
are  that  it  is  more  ductile  and  therefore  easier  to  fit  in  place ;  that  it  prob- 
ably does  not  oflfer  so  easy  a  passage  through  its  pores  to  water  at  high 
temperature;  and  that  its  expansion-coefficient  is  nearly  equal  to  that  of 
^  steel,  thus  diminishing  the  difference  in  expansion  of  the 

-^  ^^^     lining  and  shell.    (/  is  a  circular  disk  of  platinum-iridium 

alloy  with  15  per  cent  iridium,  about  1.3  cm.  in  diameter. 
The  use  of  some  such  hard  and  smooth  material  is  imper- 
b  ative  at  this  point,  since  otherwise  the  lining  would 
become  indented  under  the  V-shaped  ridge  on  the  end  of 
the  quartz  insulator,  and  it  would  then  be  very  difficult, 
II  after  the  first  time,  to  put  in  an  electrode  so  that  it  would 

^  be  tight. 

Fii.  II  The  flange  is  still,  as  it  was  originally,  soldered  with 

fine  gold  to  the  body  of  the  lining.  The  upper  end  of  the 
gold  cup  is  very  easily  fused  to  the  platinum  by  bringing  the  flame  of  the 
blast  lamp  onto  the  outside  of  the  platinum  a  little  above  the  level  of  the 
cup.  Before  fastening  the  cup  in  place  it  is  well  to  put  in  the  platinum 
piece,  d.  For  this  purpose  the  gold  cup  is  inverted,  and  the  disk,  which  is 
about  2  mm.  larger  than  the  hole  in  the  cup,  is  placed  over  it.  The  flame  is 
then  brought  onto  the  platinum. 

The  thickness  of  the  different  pieces  of  sheet  metal  used  in  the  lining 
is,  as  originally,  0.41  mm. 

25.    A  METHOD  FOR  REMOVING  THE  UNING  BY  HYDRAULIC  PRESSURE. 

The  original  method  for  removing  the  lining,  described  in  Part  II, 
section  5,  was  applicable  only  in  case  the  bomb  had  not  been  previously 
heated.  In  case  it  had  been  heated,  no  method  was  available  for  removing 
the  lining  without  spoiling  the  flange  and  seriously  straining  the  metal 
composing  the  body  of  the  lining.  But  by  utilizing  the  chuck  described  in 
section  23  the  lining  can  at  any  time  be  readily  removed  without  injury  by 
a  method  to  be  now  described.  The  same  method  would  also  be  applicable 
to  the  removal  of  the  lining  from  calorimetric  bombs,  or  even  to  the 
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removal  of  a  long  cylindrical  platinum  tube  from  a  surrounding  reinforc- 
ing tube. 

The  lower  electrode  is  first  removed  from  the  bomb  and  replaced  by  the 
steel  piece  shown  in  fig.  3,  section  5,  Part  II,  a  gold  washer  being  placed 
under  the  V-shaped  ridge  to  protect  the  lining  and  to  make  the  jcJnt 
tight.  A  hardwood  piece  is  then  turned  to  fit  the  inside  of  the  bomb  as 
closely  as  possible.  The  auxiliary  cover  shown  in  fig.  4  is  next  fastened  on 
in  the  usual  way,  and  the  bomb  is  then  screwed  into  the  cast-iron  cup,  fig. 
10.  A  hydraulic  pump  is  now  connected  with  the  bottom  of  this  cup  and 
oil  is  forced  into  the  space  between  the  bomb  and  the  cup.  This  oil  flows 
through  the  small  holes  in  the  steel  shell  and  presses  the  lining  on  to  the 
hardwood  piece  within.  A  pressure  of  about  25  atmospheres,  kept  on  for 
two  or  three  minutes,  suffices.  The  bomb  is  then  taken  apart,  and  the 
wooden  plug  with  the  lining  on  it  may  be  readily  removed.  The  lining  is 
then  removed  from  the  wood  by  heating  it  until  the  wood  is  slightly 
charred. 

26.    A  MORE  DEUCATE  LEAKAGE  TEST. 

The  original  test  of  the  lining  with  the  hydraulic  pump  proved  to  be 
insufficient,  as  the  bomb  may  stand  this  test  and  yet  permit  the  escape  of 
steam  at  high  temperatures.  The  following  has  been  found  to  be  a  much 
more  delicate  and  satisfactory  test : 

The  cover  and  lower  part  of  the  bomb  are  connected  separately  by 
means  of  the  auxiliary  pieces,  figs.  6  and  4,  section  5,  Part  II,  with  a 
cylinder  of  liquid  carbonic  acid,  thus  subjecting  them  to  a  gas  pressure 
of  about  50  atmospheres.  Before  doing  this  the  lining  must  be  carefully 
dried,  best  by  rinsing  with  alcohol  and  ether,  and  it  is  well  to  insert  in  the 
bomb  cavities  a  little  absorbent  cotton,  to  take  up  any  trace  of  liquid 
which  might  be  originally  present  in  the  tube  connected  with  the  carbonic 
acid  cylinder.  The  part  being  tested  is  then  immersed  in  a  glass  jar  of 
xylene,  or  of  some  other  colorless  liquid  which  does  not  absorb  carbonic 
acid.  The  position  of  a  leak  is  shown  by  the  hole  in  the  steel  shell  from 
which  the  gas  bubbles  are  seen  to  emerge. 

27.    SOLID  PLATINUM-IRIDIUM  ELECTRODES. 

The  platinum-covered  steel  electrodes  originally  used  were  somewhat 
inconvenient  because  of  the  difficulty  that  attended  their  removal.  After 
a  few  experiments  the  brass  nut,  N,  fig.  1,  Part  II,  always  got  rusted 
on  so  that  it  could  not  be  taken  oflF  with  the  wrench.    This  difficulty  has 
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been  obviated  and  the  construction  rendered  much  easier  by  making 
the  electrode  entirely  of  a  platinum-iridium  alloy  with  15  per  cent  iridium. 
This  material  is  about  as  hard  as  steel  and  takes  a  good,  strong  screw- 
thread.  Two  forms  of  this  electrode  have  been  used.  Of  these,  fig. 
12  shows  the  form  adapted  to  the  inside  of  a  quartz  cup.  It  is  made  by 
screwing  two  circular  disks,  one  0.5  mm.  thick  and  15  mm.  in  diameter, 

and  the  other  1.6  mm.  thick  and  6.3  mm.  in  diameter, 
tightly  onto  a  rod  3.17  mm.  in  diameter,  and  then 
soldering  them  together  and  to  the  rod  with  pure  gold. 
The  disks  must  be  screwed  on,  since  riveting  with 
subsequent  gold  soldering  does  not  hold.  The  rod  is 
then  held  in  the  lathe-chuck  while  the  upper  portion  is 
turned  true. 

For  poorly  conducting  solutions  the  quartz  cup  may 
advantageously  be  replaced  by  a  plain  cylinder,  as  this 
exposes  less  quartz  surface  to  the  action  of  the  solution. 
The  electrode  is  then  given  the  form  shown  in  fig.  13. 
As  before,  the  rod  is  screwed  and  gold-soldered  into 
the  upper  portion  of  the  electrode.  To  increase  its  effective  area  this  elec- 
trode is  corrugated  both  along  and  at  right  angles  to  its  axis,  and  to  facili- 
tate the  escape  of  gas  and  vapor  bubbles  the  points  resulting  from  the  cross 
corrugations  are  made  to  slant  upwards,  as  shown  in  the  figure.  For  the 
same  purpose  a  series  of  concentric  grooves  is  turned  in  the  upper  end 
surface. 

With  the  use  of  this  platinum-iridium  alloy  instead  of  steel  for  the 
electrode  rod,  the  compensating  washer,  Z,  fig.  1,  has  to  be  made  of  some 
material  having  a  smaller  coefficient  of  expansion  than  steel.  Fused 
silica  has  been  found  entirely  satisfactory  for  this  purpose;  and,  as  it 
is  an  electrical  insulator,  the  mica  washer  M  is  no  longer  needed.  Since 
fused  quartz  is  very  brittle  it  is  necessary  to  make  the  upper  portion  of 
the  nut  N  larger,  so  as  to  present  a  larger  bearing  surface  on  the  washer. 
It  is  conveniently  made  from  a  piece  of  round  brass  rod,  the  lower  portion 
being  filed  hexagonal  to  take  the  wrench. 

It  was  thought  that  cups  of  fused  silica  might  be  cheaper  to  make 
than  those  of  quartz-crystal,  and  this  has  proved  to  be  the  case.  But 
the  material  is  not  adapted  to  this  purpose,  because  of  its  extreme  brittle- 
ness,  for  much  more  care  has  to  be  exercised  in  working  it  and  the  little 
ridges  which  serve  to  make  the  joints  tight  seem  invariably  to  crack 
upon  using. 
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2S.    APPARATUS  AND  METHOD  FOR  ROTATING  THE  BCMB  IN 
THE  HEATERS. 

It  was  evident  that  for  temperatures  approaching  the  critical  one,  it 
would  be  necessary  to  provide  some  means  for  effectively  stirring  the 
solution  in  the  bomb  without  removing  the  latter  from  the  heating  bath. 
This  was  also  desirable  at  all  temperatures.  It  is  accomplished  by 
rotating  the  bomb  about  a  horizontal  axis  by  the  method  illustrated  in  fig. 
14.    As  will  be  evident  from  the  diagram,  the  lower  thread  on  the  bomb 
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is  screwed  into  a  steel  ring  /i  which  is  eccentrically  mounted  on  a  hori- 
zontal shaft,  5„  5",.*  The  eccentricity  of  mounting  is  such  that  the  upper- 
most and  lowermost  projections  from  the  bomb  are  equidistant  from  the 
axis  of  the  shaft,  thus  reducing  to  a  minimum  the  size  of  the  heating 
bath  required  to  permit  of  rotation.     The  shaft  is  supported  at  the  ends 

'Because  of  the  many  joints  in  the  steel  carriage  and  of  Ihe  temperature  changes 
to  which  it  is  subjected,  it  is  necessary  tliat  the  joints  should  be  riveted,  not  screwed, 
and  that  it  should  be  made  of  the  same  kind  of  steel  thronghout,  since  otherwise  it 
is  continually  loosening  up. 
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by  brass  pieces  bolted  to  the  inner  sides  (A^,  A,)  of  the  bath,  and  is 
rotated  by  means  of  two  cranks  C,  and  C,,  at  right  angles  to  each  other, 
and  of  the  eccentric  rods  a,  and  Oj,  which  extend  up  through  the  cover 
of  the  bath.  The  ends  of  these  rods  are  grasped  in  the  fingers,  and  rota- 
tion is  secured  by  alternately  pulling  and  pushing  them. 

Electrical  connection  with  the  outside  of  the  bomb  is  secured  through 
the  carriage,  the  supporting  piece  B,  and  the  copper  wire  W,  which  is 
brazed  into  the  latter.  Connection  with  the  lower  electrode  is  secured 
through  the  ilexible  copper  lead-wire  L,,  the  insulated  steel  ring  P^,  into 
which  the  lead-wire  is  brazed,  the  insulated  brass  piece  i?„  on  which  the 
ring  P,  rests,  and  the  copper  wire  tV,,  which  is  brazed  into  D^ ;  and,  simi- 
larly, the  upper  electrode  communica- 
^  tion  is  through  L,.  5„  P„  Z)„  and  W,. 
*  The  method  of  insulating  P,  from  P, 
and  P,  from  R  will  be  clear  from  the 
diagram.  In  this  diagram  M  denotes 
mica,  and  K  is  simply  a  checknut  to 
keep  the  rings  from  turning  on  the 
shaft. 

As  the  insulated  pieces  D,  and  Z)j 
have  to  support  half  the  weight  of  the 
bomb,  they,  in  turn,  have  to  be  securely 
fastened  to  the  inner  wall  of  the  bath. 
,  M  The  method  for  securing  this  support 
/  and  at  the  same  time  insulation  by 
means  of  mica  is  shown  in  fig,  15,  in 
which  the  lettering  is  the  same  as  in 
fig.  14. 

To  be  sure  of  low  resistance  con- 
tacts the  ends  of  the  steel  shaft  and 
the  brass  supporting  pieces  must  be 
thoroughly  cleaned  before  the  bomb  is 
put  into  the  bath. 

For  convenience  in  manipulation, 
the  carriage,  SjRSj,  is  supported  when 
not  in  the  bath,  by  resting  the  ends  of  the  shaft  in  a  wooden  U-shaped 
stand.  The  bomb  when  ready  is  screwed  to  the  carriage  and  the  flexible 
lead-wires  bolted  to  the  electrodes.  It  can  then  be  picked  up  and  lowered 
into  the  bath  by  means  of  a  double-pronged  hook  which  slips  into  two 
brass  eyes,  £,  and  £„  attached  to  diametrically  opposite  points  of  a  flat 
brass  ring,  Q,  which  is  fastened  by  means  of  three  thumb  nuts  to  the  Urge 
nut  of  the  bomb.  The  bomb  is  afterwards  removed  from  the  bath  in  the 
same  manner,  and  is  hung  up  upon  the  hook  before  a  faa  to  cool. 
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29.    A  VAPOR  BATH  FC«  HEATING  THE  ROTAUNC  BOMB. 
Such  a  bath  is  shown  in  vertical  section  in  fig.  16.    It  ii  nude  from  a 

piece  of  ordinary  wrought-iron  water-pipe,  S3  cm.  in  bore  and  46  cm. 
long.  At  the  lower  end  the  diameter  of  this  pipe  is  reduced  and  a  bottom 
is  welded  in.  This  reduction  in  the  area  of  the  bottom  serves  to  diminish 
the  amount  of  boiling  substance  needed.  The  cover  is  a  thin  plate  of  sheet 
iron  having  the  edge  rolled  over,  and  sets  into  a  groove  in  the  top  of  the 
bath,  this  groove  being  formed  by  shrinking  an  iron  ring  of  L-shaped 
cross-section  onto  the  upper  end  of  the  pipe,  which  has  previously  been 
turned  true  on  the  outside  for  a  short  distance.  The  cover  is  sealed  by 
pouring  some  melted  Rose  metal  into  the  groove.  After  an  experiment 
the  cover  can  be  raised  a  little  out  of  the  melted  metal  shortly  before  it 
solidifies,  since  the  temperature  of  the  bath  is  then  so  low  that  but  little 
vapor  would  escape,  even  if  the  cover  were  completely  removed. 

As  in  the  earlier 
heaters,  a  loose  roll  of 
copper  or  iron  gauze 
is  placed  in  each  of 
the  condenser  tubes, 
and,  to  increase  still 
further  the  efficacy  of 
these  condensers,  a 
spiral  of  small  tuTMng, 
either  of  lead  or  seam- 
less copper,  is  wound 
tightly  around  each 
of  them  and  water 
is  circulated  through 
these  spirals. 

The  cylindrical  iron 
shield    used    in    the 
Fn.  16,  earlier    vapor    baths, 

designated  by  Q  in 
fig.  2,  Part  II,  is,  for  various  reasons,  undesirable  in  the  present  bath 
and  has  been  shown  to  be  unnecessary,  provided  the  outside  of  the 
bath  is  sufficiently  protected  from  radiation.  N  is  a  conical  shield  of  thin 
sheet  iron,  which  is  supported  by  three  short  iron  rods  riveted  into  the 
cover,  and  keeps  the  condensed  liquid  from  dropping  onto  the  bomb. 

The  eccentric-rods  for  rotating  the  bomb  extend  out  through  iron  chim- 
neys a  and  b,  which  are  brazed  into  the  cover.  A  little  cotton  stuck  in 
the  ends  of  these  chimneys  prevents  almost  completely  the  escape  of  vapor. 
The  thermometer  is  similariy  introduced  through  the  chimney  c.    Of  the 
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three  wires  leading  to  the  bomb,  W,  fig.  14,  does  not  need  to  be  insulated 
and  is  brought  out  through  a  small  hole  drilled  in  the  wall  of  the  bath 
near  the  top.  The  other  two,  W^  and  W^f  are  drawn  separately  into  asbes- 
tos tubing  and  then  brought  out  through  one  of  the  condenser  tubes. 

There  is  such  a  large  mass  of  metal  in  the  bath  that  heating  it  by  a 
burner  below  would  be  very  slow ;  for  this  reason,  an  electrical  heating  coil 
of  nickel-steel  wire,  1.6  mm.  in  diameter,  is,  as  shown,  wound  on  the  out- 
side of  the  bath,  the  latter  being  first  covered  with  a  thin  layer  of  mica  and 
a  single  thickness  of  asbestos  clotli.  Two  hundred  and  twenty  volts, 
direct  current,  placed  directly  on  the  terminals  of  tihis  coil,  gives  a  cur- 
rent of  about  18  amperes.  To  avoid  possible  superheating,  the  electric 
current  is  used  only  to  raise  the  temperature  of  the  bath,  the  temperature 
being  subsequently  maintained  by  the  use  of  a  single  gas  flame  beneath. 

The  giving  up  of  the  glass  cover  made  it  no  longer  possible  to  see 
directly  the  height  of  the  vapor  level  in  the  bath ;  but  this  was  readily  deter- 
mined by  blowing  a  little  water  from  a  wash  bottle  onto  one  of  the  con- 
denser tubes,  for  there  is  a  hissmg  sound  only  when  the  water  strikes  at 
or  below  the  vapor  level. 

The  heater  is  cooled  by  passmg  first  compressed  air  and  then  water 
through  a  spiral  of  seamless  copper  tubing  (6  mm.  in  bore),  located  a  few 
centimeters  above  the  bottom,  and  by  removing  the  asbestos  board  on  the 
top  of  the  bath  and  directing  a  fan  on  the  cover. 

30.    A  UQUID  BATH  FOR  THE  ROTATING  BOMB. 

This  bath  has  been  used  principally  for  measurements  at  18"*,  but  is  also 
adapted  to  those  at  temperatures  up  to  100°.  It  consists  of  a  copper  can, 
25  cm.  in  diameter  and  33  cm.  high,  with  brass  pieces  bolted  inside  to  the 
walls  for  supporting  the  bomb,  just  as  in  the  vapor  bath  described  in  the 
preceding  section.  Rapid  heating  is  provided  for  electrically  by  a  heating 
coil  wound  on  the  outside,  and  a  constant  temperature  is  maintained  by 
hand  regulation  of  the  current  in  a  small  resistance  coil  placed  inside,  just 
off  the  bottom  and  in  direct  contact  with  the  liquid.  The  bath  is  cooled 
by  water  blown  through  a  helix,  consisting  of  10  convolutions  of  seamless 
copper  tubing  4  cm.  in  bore,  which  fits  friction-tight  inside  the  bath. 
To  hold  the  temperature  down  to  18"  in  summer  it  is  so  arranged  that  the 
water  can  first  be  run  through  a  few  turns  of  lead  pipe  immersed  in  an 
ice  bath  and  then  delivered  to  the  coil  in  the  bath  drop  by  drop  through  a 
sight  feed;  while  for  rapid  cooling  the  water  can  be  delivered  directly 
from  the  mains  to  the  coil  in  the  bath.  The  copper  can  is  well  jacketed  on 
the  outside  with  an  asbestos  composition  and  is  filled  with  commercial 
xylene,  which  is  vigorously  stirred  by  a  small  propeller  run  by  an  electric 
motor. 
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CONDUCTIVITY  AND  IONIZATION  OF  SILVER  NITRATE,  POTASSIUM 

SULPHATE,  AND  BARIUM  NITRATE  UP  TO  306°,  AND 

OF  MAGNESIUM  SULPHATE  UP  TO  2I8^ 


31.    OUTUNE  OF  THE  INVESTIGATION. 

The  puqx)se  of  the  present  investigation  was  to  extend  the  conductivity 
measurements  already  made  with  sodium  and  potassium  chlorides  to  other 
di-ionic  salts,  to  tri-ionic  salts,  and  to  di-ionic  salts  containing  bivalent  ions, 
so  as  to  ascertain  the  behavior  of  salts  of  diflferent  types. 

The  new  salts  thus  far  studied  are  silver  nitrate,  potassium  sulphate, 
barium  nitrate,  and  magnesium  sulphate.  Experiments  with  the  first 
three  substances  have  been  made  at  18%  100%  166%  218%  281%  and  306% 
while  those  with  magnesium  sulphate  have  been  carried  only  up  to  218*  on 
account  of  the  hydrolytic  decomposition  of  the  salt.  At  each  temperature 
with  each  salt  (except  magnesitun  sulphate)  the  measurements  were  made 
at  four  concentrations,  approximately  0.1,  0.05,  0.0125,  and  0.002  normal. 
Some  of  the  measurements  on  the  salts  previously  studied  by  Noyes  and 
Coolidge  were  repeated  as  an  independent  dieck  on  the  accuracy  of  the 
results;  for  a  new  bomb  and  a  diflferent  set  of  measuring  instruments 
were  used  in  this  investigation.  Incidentally  an  experimental  study  has 
also  been  made  of  the  change  of  the  conductance-capacity  of  the  bomb 
with  the  temperature,  as  this  is  an  instrumental  factor  of  importance  in 
all  these  investigations. 

32.    DESCRIPTION  OF  THE  APPARATUS  AND  METHOD. 

The  apparatus  used  was  similar  to  that  employed  in  the  previous  inves- 
tigation.   Only  such  parts  as  are  diflferent  will  be  described  below. 

THE  CONDUCTIVITY  VESSEL  OR  BOMB. 

The  bomb  was  lined  only  with  platinum  when  the  measurements  up  to 
218°  were  made ;  but  at  the  higher  temperatures,  it  was  found  necessary 
to  flow  gold  over  the  platinum  in  the  lower  part  of  the  bomb,  in  order 
to  make  it  perfectly  tight. 

The  form  of  the  bomb  which  will  be  designated  ''cell  i"  consisted  of  the 
platiniun-lined  steel  vessel  previously  described,  fitted  with  a  fused  silica 
cup,  1.45  cm.  in  diameter  and  1.47  cm.  in  height,  within  which  a  flat  plati- 
num-iridium  electrode  1.35  cm.  in  diameter  was  placed. 

In  ''cell  ii"  the  fused  silica  cup  and  platinum-iridium  electrode  were 
replaced  by  an  irregular-shaped  platinum-iridium  electrode,  approximately 
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0.70  cm.  in  diameter  and  0.35  cm.  in  height  resting  upon  a  vertical  quartz 
cylinder  1.10  cm.  in  height,  as  illustrated  in  fig.  17. 

This  electrode  and  cylinder  were  afterwards  replaced  by  a  quartz  cup, 
1.42  cm.  in  diameter  and  1.52  cm.  in  height,  which  formed  "cell  iii."  The 
electrode  was  1.34  cm.  in  diameter. 

CONDUCTIVITY   HEA5UKING  APPASATUS. 

The  conductivity  was  measured  with  an  apparatus  of  the  roller  type 
described  by  Kohlrausch  and  Holbom  and  furnished  by  Hartmann  and 
Braun.  The  slide-wire  was  calibrated  by  the  method  of 
Strouhal  and  Barus.  The  resistance  coils  were  of  tnan- 
ganine  and  were  calibrated  by  comparison  with  standard 
resistances,  certified  by  the  Deutsche  physikalisch-tech- 
nische  Reichsanstalt.  A  small  induction  coil  of  the  ordi- 
nary form  was  used,  a  commutating  switch  being  intro- 
duced between  it  and  the  bridge.  It  was  shown  that  the 
mean  of  the  two  readings  obtained  by  commutating  was 
the  same  when  the  telephone  also  was  commutated  and 
when  a  Nemst  string  interrupter  was  used  instead  of 
the  ordinary  induction  coil. 
THEKHDMETBRS. 
Three  different  styles  of  thermometers  were  used.  The  temperature  of 
the  18°  bath  was  determined  with  a  60°  thennometer,  reading  directly  to 
tenths,  which  was  calibrated  by  coni]Tarison  with  a  standard  Baudtn  ther- 
mometer, certified  by  the  Bureau  of  Standards  of  the  United  States.  A 
Beckniann  thermometer  was  used  in  the  100°  bath ;  and  this  was  calibrated 
immediately  after  each  measurement  by  heating  it  in  steam  in  a  Regnault 
apparatus,  Alvergniat  360°  thermometers  were  used  in  the  other  baths. 
They  were  first  calibrated  for  irregularities  of  bore  and  then  at  the  fixed 
points  0%  100°,  318°,  and  306°.  The  values  of  the  boiling  points  of 
naphthalene  and  benzophcnone  determined  by  Jaquerod  and  Wassmer 
were  used  throughout  this  whole  series  of  investigations. 

HEATEB5. 

Conductivity  measurements  were  made  at  18°  and  at  about  100",  156*, 
218°,  281°,  and  306°.  The  first  of  these  temperatures  was  secured  by  im- 
mersing the  bomb  in  a  bath  of  liquid  xylene  contained  in  a  well-jadceted 
copper  cylinder.  The  bath  could  be  heated  electrically  by  passing  a  cur- 
rent through  a  platinum  helix,  or  cooled  by  flowing  cold  water  through  a 
coil  of  lead  pipe.  The  bath  was  continually  stirred  by  a  propeller,  and  its 
temperature  was  maintained  constant  to  within  0.01°. 

The  100°  heater  was  a  double-walled  copper  cylinder  heated  by  steam. 
The  inner  cylinder  was  filled  with  liquid  xylene  and  the  bottom  o{  tbe 
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outer  cylinder  with  water,  which  was  heated  by  a  coil  traversed  by  high- 
pressure  steam,  the  free  steam  thus  produced  surrounding  the  sides  of  the 
bath,  and  returning  through  an  outside  condenser  to  the  bottom.  The 
bomb  was  immersed  in  the  liquid  xylene,  which  was  continually  stirred  by 
a  propeller.  The  temperature  was  always  constant  to  0.01*  and  about  0.1* 
below  the  boiling-point  of  water  at  the  prevailing  pressure. 

Vapor  baths  were  used  at  the  other  temperatures.  Brombenzene  was 
used  as  a  boiling  substance  for  156°,  and  naphthalene  for  218*.  The 
heaters  were  of  the  form  described  in  section  3,  Part  II.  Bromnaphtha- 
lene  and  benzophenone  were  used  as  boiling  substances  for  the  tempera- 
tures of  281*  and  306*.  The  heaters  used  at  these  higher  temperatures 
were  of  the  rotating  type  described  in  section  29,  Part  III.  An  inverted 
inica  cone  was  used  to  prevent  the  condensed  vapor  from  dripping  onto 
the  top  of  the  bomb. 

The  procedure  in  the  conductivity  measurements  was  essentially  the 
same  as  that  pursued  in  the  previous  investigation.  The  bomb  was  ordi- 
narily rinsed  thoroughly  with  the  solution  about  to  be  used;  but  when  a 
specific-volume  measurement  was  to  be  combined  with  the  conductivity 
measurements,  the  bomb  was  rinsed  twice  with  alcohol  and  then  with 
ether,  and  finally  a  weighed  quantity  of  solution  added.  The  solution  was 
not  in  any  case  boiled  to  expel  the  air ;  but,  before  heating,  the  air  pressure 
was  reduced  to  3  to  5  cm.  mercury.  In  the  first  measurements  with  cell 
11^  this  was  not  done  until  after  the  measurement  at  18*,  in  order  to  pre- 
vent the  formation  of  air  bubbles  on  the  electrode,  which  could  only  be 
dislodged  by  shaking.  The  pse  of  the  rotating  carriage  in  the  later 
experiments  allowed  the  pressure  to  be  reduced  before  the  measurement  at 
18*  was  made. 

33.    PREPARATION  OF  THE  SUBSTANCES  AND  SOLUTIONS. 

The  sodium  and  potassium  chlorides  were  purified  by  precipitation  with 
hydrochloric  acid,  the  latter  being  recrystallized  from  hot  water.  The  salt 
was  finally  dried  and  ignited. 

The  potassium  sulphate  was  purified  by  repeated  crystallization  from 
hot  water ;  it  was  then  dried  and  ignited. 

The  silver  nitrate  was  recr>'stallized  once  from  warm  water  and  care- 
fully dried  in  a  current  of  dry  air  at  140*.  The  salt  was  always  kept  over 
calcium  chloride  in  the  dark.  Portions  of  the  salt  were  dissolved  in  water, 
the  silver  was  precipitated  as  silver  chloride,  and  the  precipitate  was 
washed  and  dried.  The  calculated  percentages  of  silver  nitrate  for  the 
first  lot  of  salt  analyzed  in  February,  1904,  were  99.86,  100.01,  and  99.88 ; 
mean  99.92.  The  second  lot  analyzed  in  April,  1904,  gave  99.78,  99.82 
and  99.89,  and  in  July,  1905,  gave  99.88  and  99.84,  the  mean  being  99.86. 
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The  barium  nitrate  used  was  ciystallized  once  from  hot  water  and 
carefully  dried  in  a  current  of  dry  air  at  130"*.  The  solutions  were  made  up 
by  weighing  out  the  theoretical  quantities.  It  was  proved  that  a  portion 
of  salt  (3  grams)  lost  in  weight  scarcely  appreciably  (less  than  0.6  mg.) 
on  heating  for  3^  hours  at  SSO""  to  300"*  in  a  platinum  dish. 

The  magnesium  sulphate  was  recrystallized  from  hot  water  and  redis- 
solved  without  dr>'ing  in  conductivity  water  to  form  a  stock  solution.  This 
solution  was  analyzed  separately  for  magnesium  by  precipitating  it  as 
magnesium  ammonium  phosphate  and  for  sulphate  by  precipitating  it  as 
barium  sulphate.  The  content  in  1,000  grams  of  solution  expressed  in 
milli-equivalents  (1  milli-equivalent  =  60.21  mg.  MgS04)  was  found  to 
be  as  follows : 

From  magnesium  determination  344.9 

From  sulphate  determination   345. 1 

From  sulphate  determination  344.6 

Average 344.9 

The  solutions  of  all  these  substances  were  made  up  by  weighing  out 
the  dry  salt,  or  the  stock  solution  in  the  case  of  magnesium  sulphate,  trans- 
ferring to  a  graduated  flask,  and  adding  conductivity  water  enough  to 
bring  the  solution  to  the  graduation  mark  at  some  known  temperature 
between  15*"  and  25°.  The  concentration  of  the  salt  was  then  calculated 
over  to  4°  on  the  assumption  that  the  solution  had  the  same  expansion- 
coefficient  as  pure  water. 

34.    SYSTEMATIC  ERRORS  AND  THEIR  EUMINATKDN. 

VOr.ATILIZATION  OF  THE  SOLVENT. 

The  vapor  space  in  the  bomb  at  the  temperatures  100°,  166°,  and  218' 
was  not  sufficiently  large  to  cause  an  error  of  0.1  per  cent ;  and  no  correc- 
tion was  applied  at  these  temperatures.  However,  at  281°  and  306°,  it 
was  necessary  to  apply  a  correction,  which  varied  with  the  amotmt  of 
liquid  in  the  bomb.  The  vapor-space  correction  at  281°  was  determined 
experimentally  by  measuring  the  conductance  when  two  different  quanti- 
ties of  a  0.01  nomial  sodium  chloride  solution  were  introduced. 

The  results  were  as  follows : 


Grtms  of 
lolation. 

Volume  at  281°  of 

Condaclance 

of  MlBtlOD. 

Solntion. 

Vapor-tpace. 

91.5 
60.9 

121.4 
78.9 

1.6 
44.1 

20606 
21107 

Section  34, — Errors  and  Corrections.  75 

By  calculation'"  from  these  data,  the  specific  voltune  of  water-vapor 
at  281°  was  found  to  be  29.  That  at  306**  was  found  to  be  18  by  plotting 
the  previously  known  values  up  to  200**,  this  value  at  281*,  and  that  at 
the  critical  temperature.  In  all  the  experiments  of  this  investigation  the 
volume  of  the  vapor-space  at  306*  was  determined  by  measuring  the  ratio 
of  the  conductances  at  the  upper  and  lower  electrodes  at  306*,  and  that 
at  281°  was  calculated  from  this  with  the  help  of  the  ratio  of  the 
specific  volumes  at  281*  and  306*  and  the  volume  of  the  bomb  at  those 
temperatures. 

From  the  specific  volumes  of  vapor  and  solution  and  the  actual  voltunes 
of  the  vapor-space  and  of  the  solution  the  corrected  concentration  (C©) 
was  calculated  from  that  (C)  which  would  have  prevailed  if  there  had 
been  no  vaporization.f  The  correction  was  on  an  average  -f-0.43  per  cent 
at  281*  and  4-0.13  per  cent  at  306*. 

CONDUCTANCE  OF  THE  WATER. 

The  conductance  of  the  water  was  experimentally  determined  by  mak- 
ing measurements  with  conductivity  water  at  the  different  temperatures 
by  exactly  tfie  same  procedure  as  was  followed  with  solutions.  It  was 
subtracted  from  the  conductance  of  the  solution  in  every  case.  The  neces- 
sary data  will  be  found  in  section  35. 

CONDUCTANCE-CAPACITY     IN     RELATION     TO    THE    VOLUME    OF    SOLUTION 

IN    THE   BOMB. 

The  following  experiment  was  made  in  order  to  determine  whether  the 
conductance-capacity  of  the  bomb  was  at  all  affected  by  such  variations 
in  the  volume  of  the  solution  contained  in  it  as  actually  occurred  in  this 
investigation.  Different  quantities  of  0.01  normal  potassium  chloride 
solution  were  put  into  the  bomb  and  measurements  made  at  both  18*  and 
approximately  100*. 

Li  -|-I«/  Vx       ^  \ 

♦This  was  done  by  means  of  the  equation  v  =  2  -— —  I  "7  -^  —J  in  which  v  is  the 

specific  volume  of  the  vapor,  th  and  th  represent  the  vapor-spaces,  Wi  and  Wm  the 
weights  of  solution,  and  u  and  u  the  conductances  in  the  two  experiments. 

tThis  was  done  by  means  of  the  equation  C»  =  Cf  1+  ,^'^'^     J  in  which  Fand 

V  Vy   ,Vi  / 

y^  V 
V  are  the  specific  volumes  of  the  liquid  and  vapor  respectively,  V\  and  Vx  are  the 
actual  volumes  of  the  liquid  and  vapor  respectively. 
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The  results  were  as  follows : 


Cell  No. 

Welfht  of 
■olatioa. 

Toapcracvrc. 

Coa4«cunc«. 

II 
II 

1 

113.26 
66.80 

)       18.00 
(      99.88 

(       18.00 
I       99.88 

3998.0 
11884 

3993.8 
11888 

It  will  be  seen  that  the  difference  in  conductance  is  insignificant  at  both 
temperatures,  although  in  one  experiment  the  bomb  was  less  than  half 
full  of  liquid.  A  computation  shows  in  fact  that  the  volatilization  of  sol- 
vent at  100°  would  be  such  as  to  account  almost  exactly  for  even  the  slight 
difference  of  conductance  observed  at  that  temperature.  Therefore,  no 
correction  for  change  in  conductance-capacity  from  variation  in  the  quan- 
tity of  liquid  was  required  in  any  of  the  measurements  made  in  this  inves- 
tigation. 

35.     THE  CONDUCTANCE-CAPACITY  AND  THE  WATER  CX>RRECnON. 

The  conductance-capacity  of  the  cells  was  computed  from  conductivity 
measurements  made  at  18*"  with  various  solutions  of  potassium  and  sodium 
chlorides,  using  for  the  equivalent  conductances  of  the  solutions  the  values 
of  Kohlrausch  and  Maltby.*     The  data  are  given  in  table  13. 

The  final  values  of  the  conductance-capacity  were  used  in  calculating  the 
equivalent  conductance  in  all  experiments  made  on  or  between  the  dates 
on  which  the  corresponding  separate  values  were  detennined.  Between 
the  last  date  of  one  set  and  the  first  date  of  a  following  one,  intermediate 
values  of  the  conductance-capacity  were  used,  the  value  being  varied 
in  accordance  with  the  probable  changes  caused  by  the  successive  runs. 
The  value  at  18"  actually  used  in  each  experiment  will  be  given  in  connec- 
tion with  the  conductivity  data  for  that  experiment  (section  39).  In  the 
experiments  which  were  carried  to  281**  and  30G°,  the  conductance-capacity 
at  18**  after  heating  was  often  appreciably  diflferent  from  that  at  the  begin- 
ning; and  in  such  cases  the  values  used  at  281**  and  306°  were  based  upon 
the  fitial  conductance-capacity  at  18°.  In  presenting  the  data  of  these 
experiments  the  separate  values  of  the  conductance-capacity  at  each  tem- 
perature will  be  given  in  the  tables. 

'^Wissensch.  Abhandl.  phys.-techn.  Rcichsanstalt,  3,  210.  See  also  Landolt-Bom- 
stein-Meyerhoffer,  Tabellen,  p.  744. 


Section  J5. — Conductance-capacity  of  Apparatus. 
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Table  13. — Conductance-capacity — Data  and  final  values. 


Condactance-capacity. 

Date. 

Cell  No. 

Salt. 

Milli-equivalentt 
per  liter  at  18®. 

Condact- 
ance  X  10«. 

Separate 

Ffoal 

1 
1 

values. 

values. 

1        1904 

Jan.  11   ... 

KCl 

10.00 

1365.3 

0.8972 

Jan.  22  ... 

« 

20.00 

2673.1 

0.8977 

o!8974 

Mar.  25  . . . 

KCl 

10.00 

1366.9 

0.8962 

Mar.  28  . . . 

*( 

100.00 

12499 

0.8965 

i   Mar.  30  . . . 

NaCl 

10.00 

1138.5 

0.8962 

Apr.    1  ... 

«t 

100.00 

10278 

0.8954 

o!8966 

May  10  ... 

KCl 

1.999 

283.9 

0.8920 

'   May  10  ... 

T 
I 

NaCl 

2.500 

295.7 

0.8920 

May  11  ... 

(i 

10.00 

1144.4 

0.8917 

o!89i9 

;  June  16  . . . 

NaCl 

20.00 

6304.4 

0.3163 

June  16  . . . 

KCl 

20.00 

7576.8 

0.3167 

6 13165 

June  29  . . . 

NaCl 

10.00 

3326.4 

0.3070 

June  29  . . . 

II 

KOI 

10.00 

3991.7 

0.3071 

June  30  . . . 

T  T 

NaCl 

2.497 

857.7 

0.3070 

July    1  ... 

(i 

10.00 

3325.4 

0.3070 

oisOTO 

1905 

Mar.  13  . . . 

KCl 

10.01 

4122.2 

0.2974 

Mar.  14  . . . 

t( 

10.01 

4121.8 

0.2974 

,   Mar.  15  ... 

NaCl 

10.01 

3433.9 

0.2975 

1   Mar.  17  . . . 

ii 

10.00 

3429.4 

0.2975 

Mar.  18  . . . 

<i 

10.01 

3432.9 

0.2975 

Mar.  21  . . . 

_  ^ 

ti 

10.01 

3431.2 

0.2974 

Mar.  23  . . . 

M.  M. 

<t 

10.00 

3429.8 

0.2974 

Mar.  29  . . . 

^  * 

ii 

9.96 

3419.6 

0.2974 

o!2974 

Apr.  24  ... 

KCl 

10.00 

4150.6 

0.2951 

.    Apr.  25  ... 

NaCl 

10.00 

3459.6 

0.2950 

o!2956 

May  10  . . . 

ii 

10.00 

3499.1 

0.2917 

0.2917 

May  15  ... 

it 

10.00 

3526.3 

0.2894 

0.2894 

May  18  ... 

ii 

10.00 

3536.2 

0.2885 

:   May  18  . . . 

1 1 

KCl 

10.00 

4247.6 

0.2884 

o!2885 

May  23  ... 

it 

10.00 

4247.6 

0.2884 

0.2884 

July  18  ... 

Tf 

NaCl 

10.00 

3502.6 

0.2913 

0.2913 

Sept.  26  . . . 

III 

it 

100.00 

8045.7 

1.1438 

:   Sept.  27  . . . 

III 

KCl 

99.99 

9779.9 

1.1454 

i!i446 

Oct.    1  ... 

III 

NaCl 

100.04 

8072.3 

1.1406 

Oct    2  ... 

III 

KCl 

100.06 

9818.3 

1.1418 

iiuia 

Oct.    9  ... 

III 

it 

100.04 

9875.6 

1.1349 

1.1349 

Oct  27   ...1 

III 

tt 

99.91 

9947.2 

1.1252 

1.1252 

Nov.  20  . . . 

IV 

it 

19.963 

1968.9 

1.2164 

Nov.  21  . . . 

IV 

ti 

9.982 

1003.6 

1.2183 

Nov.  25  ... 

IV 

ti 

99.88 

9185 

1.2183 

Nov.  28  . . . 

1 

IV 

NaCl 

99.89 

1 

7540 

1.2192 

1.2181 

Measurements  of  the  conductance  of  the  water,  such  as  was  used  in 
making  up  the  solutions,  were  made  at  the  various  temperatures,  observing 
the  same  order  and  times  of  heating  at  each  temperature  as  prevailed  in 
the  experiments  with  the  salt  solutions.  The  bomb  was  always  previously 
freed  from  adsorbed  substance  by  two  or  three  heatings  of  an  hour  each 
with  water  at  218**  or  306**.  The  actual  conductances  measured  in  the 
bomb  multiplied  by  10*  are  given  in  table  14.  The  appropriate  mean  of 
these  values  was  always  subtracted  from  the  conductance  of  the  solution. 
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Table  l^^Acttial  conductance  of  water  m  the  homb. 


18° 

100° 

156° 

Dite. 

Cell 
No. 

218° 

Initial. 

Final. 

Initial. 

Final. 

Inidal. 

Final. 

1904 

Jan.  6  ...... 

I 

0.77 

1.42 

2.86 

4.74 

5.22 

6.38 

7.87 

Jan.  7 

I 

0.79 

2.62 

4.14 

7.72 

8.34 

9.91 

10.48 

Jan.  8 

,        I 

0.97 

2.56 

3.49 

6.16 

5.90 

7.65 

8.56 

Feb.  10  .... 

I 

0.69 

3.20 

3.73 

8.70 

7.18 

10.99 

11.73 

Feb.  11  .... 

'        I 

0.92 

2.67 

3.52 

7.02 

6.16 

8.93 

10.38 

Apr.  21  .... 

I 

0.76 

1.47 

2.77 

3.52 

5.10 

5.71 

7.76 

Apr.  22 

I 

0.76 

1.88 

2.74 

4.71 

4.38 

5.71 

7.08 

May  17  . . . . 

I 

0.86 

1.73 

3.73 

4.49 

6.12 

6.84 

9.05 

May  18  . . . . 
Mean  

July  14  .... 

I 

I 

II 

0.86 

3.63 

3.52 

8.23 

5.49 

8.11 

lo.ooC?) 

0.82 

_  2,36 

3.49 

6.14 
11.3 

5.99 

7.80 
17.8 

9.11 
22.8 

2.25 

3.68 

8.93 

14.9 

July  23  ... . 
Mean  

1   n 
!   n 

2.46 

6.61 

8.93 

17.1 

15.5 

22.2 

23.6 

2.36 

5.14 

8.9 

14.2 

15.2 

20.0 

23.2 

281° 

306° 

July  14  — 

II 

2.25 

.... 

58.0 

58.0 

.... 

•  a  •  . 

.    .    9    . 

July  25  — 

II 

3.31 

10.4 

37.9 

48.0 

. . .  • 

•  •  .  a 

.    9    .    . 

July  27  — 

II 

2.25 

11.4 

27.1 

29.0 

.... 

.  .  a  • 

•  •  8  a 

1905 

Feb.  15  .... 

II 

2.04 

5.5 

48.8 

52.7 

.... 

.  .  .  • 

•  a  a  a 

Feb.  16  .... 
Mean  .... 

II 
II 

2.04 

7.3 

51.7 

56.7 

.... 

.  a  .  a 

a  •  a  a 

2.40 

8.6 

44.7 

48.9 

.... 

•  a  .  • 

a  •  a  a 

36.    VARIATION  OF  THE  CONDUCTANGE-CAPAOTY  WITH  THE 

TEMPERATURE. 

The  following  measurements  and  computations  were  made  in  order  to 
determine  what  variation  in  the  conductance-capacity  of  the  bomb  is 
caused  by  the  change  in  the  diameter  and  length  of  the  electrode  cup  or  of 
the  small  electrode  and  in  the  diameter  of  the  bomb  itself  owing  to  the 
expansion  upon  heating. 

The  apparatus  used  to  determine  the  variation  of  the  conductance  when 
the  electrode  was  placed  within  the  quartz  cup  was  an  imitation  of  the 
bomb,  consisting  of  an  outer  cylindrical  brass  vessel,  a  cup  composed  of 
a  glass  tube  with  a  brass  electrode  permanently  fixed  at  the  bottom  of  the 
tube  with  rosin,  and  a  piece  of  insulating  material  (the  "red  fiber"  of 
trade)  separating  the  cup  from  the  bottom  of  the  vessel,  and  allowing  the 
electrode  rod  to  pass  through  it.  Combinations  of  three  such  electrode 
cups  of  diameters  1.31,  1.50,  and  1.59  cm.  and  of  two  brass  vessels  of 
diameters  4.22  and  4.54  cm.  were  investigated.  Mercury  was  used  to 
change  the  eflfective  height  of  the  cup,  the  change  being  determined  by 


Section  36. — Change  in  Conductance-capacity. 
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introducing  weighed  portions  of  mercury  into  the  cup  and  measuring  by 
a  cathetometer  the  height  of  its  surface  above  the  electrode  and  below 
the  top  of  the  cup.  The  heights  of  the  mercury  in  the  cup  were  plotted 
against  the  weights  of  mercury,  the  points  being  found  to  lie  on  a  straight 
line;  and  by  means  of  these  plots,  the  effective  height  of  the  cup  in  the 
succeeding  experiments  was  derived  from  the  weight  of  mercury  intro- 
duced. The  relative  conductance  at  various  heights  was  then  determined 
by  measuring  that  of  a  0.01  normal  sodium  chloride  solution  at  18°  in  the 
apparatus,  which  was  made  up  of  the  three  electrode  cups  in  succession 
and  one  of  the  brass  cylinders,  successive  portions  of  mercury  being  added. 
The  effective  heights  of  the  cup  were  first  plotted  against  the  conduct- 
ances. The  diameters  of  the  three  cups  were  then  plotted  against  the 
conductances  obtained  for  various  definite  heights  from  the  first  plot. 
From  these  plots,  the  ratio  of  the  fractional  change  in  conductance  (5l/l) 
to  that  in  height  (Sh/h)  for  a  given  diameter  or  to  that  in  diameter 
(M/d)  for  a  given  height  could  be  found.  The  results  so  derived  for  a 
series  of  heights  and  diameters  expressed  in  centimeters  are  given  in  table 


15.    The  columns  headed  i  show  the  values  of  the  ratio 


headed  11^  the  values  of  the  ratio 


8l/l 
M/d 


5l/l 
Sh/h 


and  those 


Table 


15. — Change  in  conductance-capacity  with  the  dimensions  of  the  electrode  cup. 


Heifht. 

Diameter. 

1.30 

1.40 

1.50 

1.60 

I. 

II. 

I. 

II. 

I. 

II. 

I. 

II. 

1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 

0.70 
0.71 
0.73 
0.75 
0.80 
0.88 
0.95 

1.92 
1.79 
1.66 
1.54 
1.47 
1.60 
1.75 

0.72 
0.74 
0.77 
0.79 
0.80 
0.81 
0.88 

1.80 
1.76 
1.73 
1.70 
1.60 
1.64 
1.67 

0.72 
0.73 
0.76 
0.79 
0.80 
0.80 
0.82 

1.72 
1.75 
1.80 
1.82 
1.92 
1.87 
1.91 

0.72 
0.73 
0.74 
0.75 
0.76 
0.78 
0.81 

1.64 
1.72 
1.71 
1.80 
1.88 
2.04 
2.00 

The  apparatus  for  determining  the  variation  of  the  conductance  when 
no  cup  was  used  was  made  up  as  follows.  The  top  of  the  main  body  of 
the  bomb  was  covered  with  a  brass  disk.  Through  the  center  of  this  disk 
was  inserted  a  hollow  rod  of  vulcanite  of  the  length  and  diameter  of  the 
quartz  cylinder  supporting  the  lower  electrode  in  the  bomb  itself.  Through 
this  vulcanite  tube  a  brass  rod  was  inserted,  which  could  be  forced  down 
successively  so  as  to  produce  an  electrode  of  varying  length.    The  con- 
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ductance  of  a  0.01  normal  sodium  cMoride  solution  between  this  electrode 
and  the  sides  of  the  bomb  was  determined.  Brass  electrodes  of  three  dif- 
ferent diameters  (0.475,  0.72,  and  0.96  cm.)  were  used. 

The  lengths  of  the  electrode  were  plotted  against  the  conductances  for 
the  three  diameters  and  the  diameters  of  the  electrode  against  the  conduct- 
ances for  the  different  lengths.  From  these  plots,  the  ratio  of  the  frac- 
tional change  in  conductance  to  that  in  length  for  a  given  diameter  or  to 
that  in  diameter  for  a  given  length  can  be  computed.  The  values  of  the 
ratios  so  derived  for  a  series  of  lengths  and  diameters  are  given  in  table 

16,  those  of  -^Jtt  in  the  columns  headed  i  and  those  of  -i^^,  in  the  columns 


headed  ii. 
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Table  16. — Change  in  conductance-capacity  zvith  the  dimensions  of  the  electrode. 


Lcofth. 

DlHMter. 

0.5 

0.7 

0.9 

I. 

II. 

I. 

11. 

I. 

II. 

0.5 

1.0  • 

1.5 

2.0 

2.5 

3.0 

.... 

0.65 

0.3 

0.2 

0.15 

0.1 

0.7 

0.65 

0.55 

0.5 

0.55 

0.55 

.... 

0.6 

0.3 

0.2 

0.1 

0.1 

0.95 

0.8 

0.7 

0.7 

0.7 

0.7 

• .  • . 

0.55 

0.3 

0.2 

0.1 

0.1 

1.06 

0.95 

0.9 

0.9 

0.9 

0.9 

The  variation  in  the  conductance  due  to  a  change  in  diameter  of  the 
large  cylindrical  vessel  was  determined  in  the  presence  and  absence  of  a 
cup  by  measuring  the  conductance  of  a  0.01  normal  sodium  chloride  solu- 
tion between  the  small  electrode  and  brass  cylinders  (diameters  of  3.66, 
3.35,  2.39,  and  1.75  cm.)  placed  successively  inside  of  the  outer  cylinder. 
The  effect  of  the  increase  of  diameter  of  the  bomb  which  would  occur  even 
up  to  400°  on  the  conductance-capacity  was  less  than  0.1  per  cent 

The  linear  expansion  coefficients  (dl/l^dt)  used  in  computing  the 
change  in  conductance-capacity  of  the  bombs  were  as  follows : 


di%di 

Rcmorkt. 

Platinum-iridium  electrodes 

Quartz   (length)       

Quartz  (diameter)      

Steel      

8.9  X  10-« 

9    X10-« 

16     X  10-« 

13     X10-« 

Fizeau,  Compt.Rend.,68»1126(186«). 

Randall,  Phys.  Rev.,  2Qp  10  (1906). 

Benoit,  Trav.  et  mto.  Bur.  Int.Pmds 
et  Mes.,  e»  190  (1888).  Le  Chate- 
lier,  C:ompt.  Rend.,  106, 1046(1889) . 

See  section  21,  Part  III. 
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Table  17. — Specific  volume — Data  and  final  values. 


Date. 

Salt. 

Milli- 
eqnlTi- 
lenta  per 

Temper- 
atnre. 

Welfht  of 
■olation. 

Volume 
uncor- 

Specific 
Tolune 

Specific 
volume 

Specific 
Tolume 

liter  at  4<'. 

/°. 

rected. 

at  /°. 

at  4°. 

ratio. 

1904 

1560/4° 

Feb.  25.. 

AgNO, 

25 

155.6 

108.61 

118.31 

1.0917 

0.9963 

1.0962 

Feb.  25.. 

AgNO, 
]^S0« 

100 

155.8 

111.36 

119.94 

1.0794 

0.9861 

1.0948 

Mar.  24.. 

100 

156.6 

110.19 

119.64 

1.0881 

0.9933 

1.0948 

Apr.  13.. 

Ba(NO,), 

100 

155.5 

110.35 

119.38 

1.0849 

0.9899 

1.0957 

Apr.  28.. 

MgS04 

100 

156.2 

110.09 

119.52 

1.0880 

0.9939 

1.0944 

218°/40 

Mar.  29.. 

10 

218.2 

100.83 

118.80 

1.1837 

0.9996 

1.1837 

Mar.  29.. 

Naa 

10 

218.3 

100.77 

118.77 

1.1841 

44 

1.1839 

Mar  30.. 
Mean  .. 

10 

218.4 

100.93 

118.98 

1.1843 

«t 

1.1840 

1 
1 

•  ••••••• 

1.1839 
1.1838 

Mar.  25.. 

KOI 

10 

218.4 

100.80 

118.79 

1.1839 

0.9995 

Mar.  28.. 

KOI 

100 

218.0 

101.57 

118.96 

1.1766 

0.9954 

1.1820 

Feb.  18.. 

25 

218.6 

101.31 

119.14 

1.1814 

0.9963 

1.1846 

Feb.  23.. 

AgNO, 

25 

217.6 

101.06 

118.65 

1.1791 

t( 

1.1846 

Feb.  24.. 
Mean  .. 

25 

216.8 

101.21 

118.73 

1.1785 

t« 

1.1850 

1.1847 

Feb.  4... 

1        f 

100 

218.1 

101.96 

118.26 

1.1652 

0.9861 

1.1815 

Feb.  5... 

•Ag^oJ 

100 

218.1 

102.65 

119.08 

1.1654 

(1 

1.1816 

Apr.  16.. 
Mean  .. 

I 

100 

217.3 

102.48 

118.70 

1.1636 

it 

1.1814 

1.1815 
1.1835 

Mar.  18.. 

E,SO« 

50 

217.7 

100.96 

118.48 

1.1790 

0.9967 

Mar.  21.. 
Mean  .. 

50 

218.5 

101.24 

118.98 

1.1807 

«« 

1.1836 

1.1836 
1.1802 

Mar.  22.. 

K,S04 

100 

218.4 

101.28 

118.27 

1.1732 

0.9933 

Mar.  23.. 
Mean  .. 

100 

218.1 

101.22 

118.13 

1.1724 

44 

1.1801 

1.1802 

Vpr.  13  \ 

Apr.  13/ 

Mean  .. 

Ba(NO,). 

100 
100 

217.3 
217.5 

101.92 
102.31 

118.59 
119.04 

1.1689 
1.1689 

0.9899 

44 

1.1821 
1.1818 

........ 

1.1820 
1.1812 

Apr.  28.. 

Mg804 

100 

218.2 

102.89 

120.27 

1.1743 

0.9939 

May  2... 

BigSO^ 

200 

218.4 

102.68 

119.26 

1.1671 

0.9880 

1.1808 

1905 

306°/4° 

Oct   1... 

NaOl 

100 

305.6 

85.61 

119.97 

1.4152 

0.9958 

1.4228 

Oct  2... 

KOI 

100 

305.7 

85.57 

119.85 

1.4145 

0.9954 

1.4222 

Nov.  20. . 

AgNO, 

50 

306.0 

85.38 

119.62 

1.4149 

0.9929 

1.4252 

Sept  29.*. 

K,SO,  1 

50 

305.5 

84.97 

119.62 

1.4217 

0.9967 

1.4284 

Sept  29. . 
Mean  .. 

50 

305.5 

85.11 

119.93 

1.4227 

44 

1.4294 

1.4289 

Sept  sa. 

K,SO«  1 

100 

305.7 

85.92 

120.25 

1.4130 

0.9933 

1.4237 

Sept  30.. 
Mean  .. 

100 

305.4 

85.67 

119.77 

1.4122 

44 

1.4242 

1.4240 
1.4271 

Oct  3.\ 
Oct  12/ 

Mean  .. 

Ba(NO,),i 

50 

305.2 

85.28 

119.59 

1.4165 

0.9950 

50 

305.5 

85.04 

119.31 

1.4174 

44 

1.4265 

1.4268 

■ 
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37.    THE  SPECinC-VOLUME  DATA. 

The  results  of  the  specific-volume  measurements  are  given  in  table  17. 
The  first  four  columns  need  no  further  explanation.  The  fifth  column 
gives  the  number  of  grams  of  solution  which  were  weighed  into  the 
dry  bomb  at  the  start.  The  sixth  column  gives  the  volume  expressed  in 
cubic  centimeters  which,  at  the  temperature  of  100*  (at  which  the  volume 
of  the  bomb  was  determined)  corresponds  to  the  observed  ratio  of  the 
conductances  at  the  upper  and  lower  electrodes.  This  volume  was  obtained 
by  interpolation  from  a  plot  made  as  described  in  section  8,  Part  II. 
The  actual  volume  occupied  by  the  solution  at  the  higher  temperature  is 
greater  than  this  by  an  amount  equal  to  the  expansion  of  the  bomb  upon 
heating  from  100**  to  that  temperature.  The  temperature-coefficient  of 
volume  expansion  of  the  steel  shell  of  the  bomb  is  asstmied  to  be  0.000038 
per  degree,  upon  the  basis  of  determinations  made  by  R.  B.  Sosman  in 
this  laboratory.  The  seventh  column  gives  the  specific  volimie  of  the  solu- 
tion at  the  temperature  of  observation.  It  is  obtained  by  dividing  the 
values  of  the  preceding  column,  after  correcting  them  for  the  expansion 
of  the  bomb  as  just  described,  by  the  weight  of  solution  given  in  the  fifth 
column.  The  eighth  column  gives  the  values  of  the  specific  volumes  at 
4*  of  the  various  solutions  used.  The  last  column  gives  the  ratio  of  the 
specific  volume  at  the  round  temperatures  218*,  281*,  and  306*,  to  that  of 
the  same  solution  at  4*.  Thus,  this  ratio  shows  the  volume  occupied  by 
that  quantity  of  solution  which  at  4*  has  a  volume  of  1  c.cm.  The  values 
are  obtained  from  those  of  the  preceding  column  by  reducing  them  to 
these  temperatures  by  means  of  the  temperature-coefficient  obtained  from 
our  specific-volume  values,  and  then  dividing  the  results  by  the  specific 
volumes  of  the  solutions  at  4*. 

38.    SUMMARY  OF  THE  SPEanC-VOLUME  VALUES. 

The  final  values  of  the  ratio  of  the  specific  volume  at  various  tempera- 
tures to  that  at  4*  are  summarized  in  table  18.  For  comparison  the  values 
obtained  by  Noyes  and  Coolidge  (section  12,  Part  II)  for  a  2  milli-normal 
solution  of  sodium  chloride,  which  are  substantially  identical  with  those 
of  pure  water,  are  given  in  the  table  within  parentheses.  For  the  100 
milli-normal  solution  of  this  substance  they  found  1.187  at  218*  in  fair 
agreement  with  our  value  and  1.423  at  306*  in  complete  agreement  with 
our  value.  A  comparison  of  values  for  the  different  50  milli-normal  solu- 
tions shows  that  these  all  expand  considerably  less  than  water  itself,  the 
ratio  being  1.425  - 1.429  instead  of  1.437  at  306*.  Up  to  218*  the  expan- 
sions of  even  the  100  milli-normal  solutions  of  all  the  diflferent  salts  are 
substantially  equal  (ratio  1.180-1.182)  ;  but  at  306*  the  ratios  for  silver 
nitrate  and  barium  nitrate,  the  salts  of  the  metals  with  high  atomic 
weights,  are  somewhat  smaller  than  those  for  the  other  three  salts,  being 
1.426  instead  of  1.429  at  50  milli-normal. 
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Table  18. — Ratio  of  specific  volume  at  various  temperatures  to  that  at  4*, 


Silt. 

Concentra- 
tion at  4°. 

Specific  Tolnme  ratio. 

156**. 

218°. 

306°. 

NaCl 

KOI 

AgNO,. . . 

K,S04 

Ba(NO,),. 
MgS04. .  • 

2 
10 

100 
10 

100 
25 
50 

100 
50 

100 
50 

100 

100 

1.096 
i!695 
1.695 

i'.ow 

1.094 

(1.187) 
1.184 

1.184 
1.182 
1.185 

i.m 

1.184 
1.180 

1.18® 
1.181 

(1.437) 

V.423 

1.4SK2 

iV^V 

V.429 
1.424 
1.427 

39.    THE  CONDUCTIVITY  DATA. 

Table  19  contains  the  conductivity  data  obtained  in  the  separate  experi- 
ments. The  first  column  contains  the  date;  the  second,  the  cell-number 
which  by  reference  to  section  32  shows  the  modification  of  the  conduc- 
tivity-vessel used ;  the  third,  the  concentration  at  4°  in  milli-equivalents  per 
liter,  the  international  atomic  weights  for  1905  being  employed,  and  the 
fourth,  the  true  temperature  (/*)  of  the  measurement  upon  the  hydrogen- 
gas  scale.  The  fifth  gives  the  concentration  at  the  temperature  of  the 
measurement  obtained  from  that  at  4*  by  dividing  it  by  the  appropriate 
specific  volume  ratio  taken  directly  from  table  18  or  derived  from  the 
values  there  given  by  linear  interpolation  and  by  correcting  it  (at  281* 
and  306**)  for  the  solvent  in  the  vapor-space  as  described  in  section  34. 
The  sixth  column  contains  the  actual  conductance  in  reciprocal  ohms  of 
the  solution  in  the  bomb,  which  was  obtained  by  correcting  tlie  observed 
conductance  for  the  resistance  of  the  lead-wires  and  for  errors  in  the 
resistance  coils  and  slide  wire.  The  seventh  column  gives  the  corresponding 
conductance-capacity  of  the  vessel,  determined  as  described  in  sections  35 
and  36 ;  when  no  number  or  quotation  mark  is  inserted  it  is  to  be  under- 
stood that  the  value  used  was  the  same  as  that  given  for  the  same  temper- 
ature in  the  preceding  experiment.  The  eighth  column  gives  the  equiva- 
lent conductance  in  reciprocal  ohms,  which  was  computed  by  subtracting 
from  the  actual  conductance  X  10*  (given  in  the  sixth  column)  that  of 
the  water  (as  given  in  section  36),  multiplying  the  remainder  by  the  con- 
ductance-capacity (given  in  the  seventh  column),  and  dividing  by  the 
concentration  at  t"*  (given  in  the  fifth  column). 
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■ODlOU    CMLOftlDE.                                                                         1 

Dm. 

Cell 

C«»DU.- 

T™p.r.- 

CoD««r.- 

C«4.»- 

Ho. 

<IMU4°. 

Wt..  C. 

Hon  •!  1°. 

ti>»  X  l». 

.M«ln.. 

IMS 
Mar.  2S... 

II 

2.000 

18.00 

1  997 

712.8 

0.2974 

105.71 

30S.2 

1 

397 

4,621.3 

0.2965 

970.3 

IS. 00 

1 

997 

731.8 

0.2974 

100.22 

Not.  13. . . 

lY 

2.006 

18.00 

2 

004 

174.3 

1.2181 

105.5 

99.92 

1 

924 

554.9 

1.2162 

349.1 

18.00 

2 

004 

174.4 

1.2181 

105.5 

1S04 
Mar.  31... 

I 

10.013 

18.00 

10 

000 

1,139.4 

0.8960 

102.02 

21B.3 

8 

433 

6,523.2 

692.1 

IB. 00 

10 

000 

1.140.8 

102.01 

Jnlr     1... 

II 

10.020 

18.00 

10 

007 

3,325.4 

0.3070 

101.06 

217.6 

8 

446 

18,973 

0.3064 

687.3 

18.00 

10 

007 

3,333.3 

0.3070 

102.12 

IMS 
Mar.  19... 

11 

10.027 

18.00 

10 

014 

3,433.9 

0.2974 

101.91 

290.* 

7 

543 

21.120 

0.2966 

838.6 

306.0 

7 

000 

20,818 

0.2965 

879.8 

18.00 

10 

014 

3,435.2 

0.2974 

101.89 

Mar.  17... 

II 

10.009 

18.00 

9 

996 

3,429.4 

101.96 

280.2 

7 

534 

31,250 

834.8 

303. 8 

6 

989 

20,943 

886.4 

18.00 

9 

996 

3.461.9 

103. S6 

Har.  21... 

11 

10.021 

18.00 
279.5 

10 
7 

009 
S54 

3,432.9 
21,222 

101.93 
831.5 

306.0 

3 

994 

20,900 

884.0 

18.00 

10 

009 

3,4T3.0 

103.07 

Mar.  23... 

II 

lO.OlS 

18.00 
280.5 

10 

002 
529 

3,429.8 

31,217 

101.94 
834.0 

306.0 

6 

989 

20,871 

883.4 

18.00 

10 

002 

3,439.8 

103.14 

Mar.  S9... 

II 

9.974 

18.00 

e 

961 

3,419.6 

102.02 

276.5 

7 

571 

21,119 

825.5 

305.6 

6 

971 

20.844 

884.5 

18.00 

9 

961 

3,423.0 

102.07 

April   25.. 

II 

10.017 

18.00 

10 

004 

3,459.6 

6!2956 

101.94 

281.1 

7 

534 

21.460 

0.3942 

837.4 

306.5 

7 

003 

21.143 

0.2941 

886.1 

18.00 

10 

004 

3,463.2 

0.3950 

101.98 

1904 
April  1   .. 

1 

100.13 

18.00 
218.1 

100 
84 

00 
35 

10,284 
55,363 

0.8960 

93.14 
588.2 

18.00 

100 

00 

10,390 

" 

92.18 

1905 
Sept    28.. 

III 

100.13 

18.00 

100 

00 

8.045.7 

1.1446 

93.08 

218.3 

75 

04 

45,147 

1.1381 

679.0 

305.6 

70 

60 

43,105 

1.1375 

694.2 

18.00 

100 

00 

8.0.18.6 

1.1446 

92.22 

Oct.  1   ... 

III 

100.17 

18.00 

100 

04 

8,073.3 

1.1411 

92.07 

218.3 

62 

45,271 

1.1346 

879.1 

305.6 

70 

56 

43,149 

1.1340 

18.00 

100 

04 

8.091.3 

1.1411 

93.34 

Not.   26.. 

IV 

100.02 

18.00 

99 

88 

7.540 

1.2181 

91.94 

100.00 

95 

89 

23.403 

1.3162 

296.8 

140.0 

93 

59 

30,817 

1.8152 

404. S 

156.0 

91 

10 

33.411 

1.2148 

445.5 

18.00 

09 

88 

7,546 

1.2181 

92.01 
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POTASSIUM    CHLORID!,                                                                   1 

ciu 

c.«,«..^ 

T™p•r^ 

CoDCeDII*- 

Coaima- 

C004.CU.CC 

S«»if.l«l 

tc. 

Ko. 

llnu*'. 

an.  1°. 

Heml'". 

u«  X  ItH. 

cipiclcr. 

IBM 

M&r.  23  . . 

I 

10.015 

18.00 

10.002 

1^S6.9 

0.8960 

122.38 

218.4 

8 

433 

7.048.2 

748.0 

18.00 

10 

002 

1.371.8 

122.68 

1905 

Mar.  13  . . 

II 

10.021 

18.00 

10 

008 

4,122.2 

0.29T4 

122.40 

306.1 

6 

900 

32,105 

0.2965 

935.6 

Max.  14... 

11 

10.021 

18.00 

10 

003 

4,121.8 

0.2974 

122.40 

280.0 

7 

510 

22,550 

0.2966 

888.9 

18.00 

10 

008 

4.124.0 

0.2974 

122.41 

April  M.. 

II 

10.008 

18.00 

9 

995 

4,150.6 

0.2950 

122.45 

281.3 

7 

512 

22.750 

0.2942 

888.4 

305.8 

6 

989 

22.285 

0.2941 

935.2 

18.00 

S 

995 

4,154.7 

0.2950 

122.51 

IBM 

Mar.  SB  . . 

I 

100.13 

18.00 

100 

00 

12,498 

0.8960 

111.98 

218.0 

84 

36 

60,049 

637.7 

18.00 

100 

00 

12,522 

112.18 

IMS 

Sept.  27.. 

III 

100.18 

IS.  00 

99 

99 

9.779.9 

1.1446 

111.96 

Oct     2   .. 

III 

100.20 

18.00 

100 

06 

9,818.3 

1.1411 

111.97 

281.4 

61 

48,328 

1.1346 

725.0 

305.7 

55 

45.815 

1.1340 

736.1 

18.00 

100 

06 

9.840.5 

1.1411 

112.20 

Oct  27   .. 

III 

100.04 

18.00 

91 

9,947.2 

1.1252 

112.03 

281.4 

42 

49,193 

1.1187 

729. 9 

18.00 

91 

9.978.0 

1.1252 

112.35 

Not.  18  . . 

IV 

2.002 

18.00 

000 

208.2 

1.2181 

126.4 

25.00 

997 

240.7 

1.2179 

146.4 

100.00 

920 

e23.1 

1,2162 

393.3 

140.0 

854 

818.4 

1.2152 

534.2 

156.0 

824 

888.3 

1.2148 

589.1 

18.00 

000 

208.5 

126.2 

Not.  81  . . 

IV 

9.996 

18.00 
25.00 

967 

1.003.6 
U58.6 

122.4 
141.5 

50.00 

879 

1,747.6 

1 12174 

215.3 

75.00 

746 

2,368.3 

1.2168 

295.4 

100.00 

583 

2.978.8 

377.7 

138.0 
155.9 

355 
IM 

3,632.4 
4.219.4 

i!2i5S 

471.8 

562.7 

18.00 

983 

1.004.5 

122.5 

Not.  so  . . 

IV 

19.992 

18.00 

963 

1,968.9 

120.1 

25.00 

933 

2,371.1 

138.8 

50.03 

756 

3.415.3 

210.4 

100.00 

165 

5.803.8 

308.3 

18.00 

IB 

963 

1,968.3 

120.1 

Nor.  as. . . 

IV 

100.01 

18-00 

99 

87 

9.185 

112.0 

25.00 

99 

72 

10.562 

129.0 

50.00 

9S 

S3 

15.810 

194.7 

7s.oa 

87 

21.84S 

265.1 

100.00 

95 

88 

26.546 

336.7 

128.0 

S3 

60 

32,123 

417.1 

140.0 

B2 

58 

34.270 

44B.7 

156.0 

91 

09 

36.05T 

400.8 

18.00 

B9 

87 

B.183 

IIS.O 
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SIlVKt   HlTltitTB. 

r^ 

C««=tr.- 

T«.peri- 

CanccDIn- 

Cd.*»h- 

C»<l.c<»« 

•te. 

N.. 

<kK«<°. 

nic.  r. 

(UnuC. 

•>.«  X  10». 

HPUjtl. 

IQM 

Feb.  16... 

1 

1.990 

18.00 

1.997 

250.20 

0.8974 

1I2.0S 

99.67 

1.017 

752.45 

390.7 

155.4 

1.B22 

1.083.7 

530. 9 

317.5 

1.685 

1,363.0 

720.9 

155.5 

1.822 

1.092.7 

534. S 

99.69 

1.917 

759.36 

392.6 

18.00 

1.967 

254.52 

113.39 

Veb.  17... 

I 

l.WO 

18.00 

1.997 

250.34 

112.14 

99.97 

1.916 

755.07 

398.0 

155.7 

1.821 

1,087.4 

532.8 

216.3 

1.684 

1,363.4 

721.4 

155.8 

1.821 

1,091.4 

534.0 

99.97 

1.916 

761.50 

353.8 

18.00 

1.997 

253.50 

112.89 

Junes?... 

II 

2.002 

18.00 

1.999 

733.31 

6! 3070 

112.25 

99.68 

l.«9 

3,199.9 

0.3068 

305.2 

155.5 

1.824 

3,188.6 

0.3066 

S32.2 

217.8 

1.687 

4,039.8 

0.3064 

729.0 

155.6 

1.824 

3,201.4 

0.3066 

534.6 

99.88 

1.919 

2,221.8 

0.3068 

35S.8 

18.00 

1.999 

742.17 

0.3070 

113.18 

IWS 

Hot  IB... 

11 

2.000 

18.00 

1.997 

783.9 

0.2884 

112.68 

280.3 

1.503 

4,719.9 

0.2876 

894.2 

304.8 

1.399 

4,693.6 

0.2875 

953.9 

18.00 

1.997 

817.3 

0.2884 

117.31 

May  22  . . 

11 

1.996 

18.00 

1.994 

479.9 

112.38 

280.8 

1.499 

4,707.0 

894.8 

305.5 

1.391 

4,668.4 

953.4 

18.00 

1.994 

805.2 

115.75 

May  23... 

11 

i.9gg 

18.00 
281.0 

1.896 
1.500 
1.395 

478.8 
4,699.0 
4,665.7 

'.'.'.'.'.'. 

113.10 

951.4 

18^00 

1.996 

803.0 

115.30 

July   n.. 

II 

2.001 

18.00 

2.008 

774.83 

012913 

113.32 

305.7 

1.398 

4,662.9 

0.2904 

956.0 

18.00 

3.008 

830.75 

0.2913 

118.20 

Aprn  14. . . 

I 

12.481 

18.00 

12.47 

1,497.5 

0.8958 

107.55 

99.84 

11.97 

4,476.5 

334.9 

11.37 

6,393.9 

217.5 

10.53 

7,893.9 

671.0 

155.7 

11.37 

0,396.4 

503.2 

99.81 

11.87 

4,480.5 

335.0 

18.00 

12.47 

1,501.3 

107.78 

1905 

May  2<... 

11 

12.497 

18.00 

12.48 

4,635.7 

0.2884 

107.09 

281.2 

9.38 

36,096 

0.2876 

797.8 

305.7 

8.72 

25,334 

0.2875 

832.1 

18.00 

18.43 

4,663.8 

0.2884 

107.69 

MKf  ZS... 

II 

12.497 

18.00 

J2.48 

4,635.7 

107.00 

281.8 

9.38 

28,104 

798.4 

305.7 

8.72 

838.3 

18.00 

12.48 

41651.8 

107.30 

Section  39.— The  Conductivity  Data. 
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IILVIR     NITKATI. 

C.11 

C««B.«. 

Taafcii- 

c«,««,.. 

Caniaa- 

t4ai..l<» 

He. 

il«i«4°. 

tBTe,  '°. 

lioa  II 1°. 

»»  X  lO". 

""«'"■ 

aciaatoct. 

igof 

Jul  >7... 

M.98 

18.00 

24.95 

2.898 

0.8974 

104.23 

100.00 

23. 9S 

8,609 

332 

5 

154.9 

22.78 

12;i00 

480 

218.0 

21.07 

14,978 

637 

IBS. 3 

22.78 

13,321 

481 

1 

100.07 

23.95 

8,637 

323 

5 

18.00 

24.95 

3,928      ' 

IDS 

Jan.  M  .. 

I 

24.98 

18.00 

34.05 

2,893            

03 

100.55 

156.2 

23.94 
22.75 

8,639      ;     '      323 

12,247            483 

4 
0 

31S.6 

21.06 

15,005             639 

156.3 

22.74 

13,283             484 

5 

100.45 

23.9* 

8.673      324 

9 

18.00 

24.95 

3,917      ,     ,       104 

S3 

Feb.    1.. 

' 

24.98 

18.00 

99.38 
154.8 

34. 9S 

23.96 
23.78 

3,893        ,      104 

8,553             320 

12,168            479 

04 
3 
1 

21s.  6 

21.11 

14,933             634 

2 

155.1 

33.77 

12,189        1      480 

99.29 

23.96 

8.566             320 

6 

18.00 

34.95 

2,905            104 

43 

Fab.    Z... 

I 

24.98 

18.00 

24.95 

3,895             104 

12 

100.20 

33.94 

8,611            322 

7 

156.4 

22.75 

13,250       1        483 

2 

218.1 

21.07 

14,961            1       637 

7 

156.8 

2S.73 

12.321            486 

1 

100.09 

33.94 

8,666             

324 

6 

18.00 

24.95 

2,923             

103 

06 

Feb.  18  .. 

24.98 

18.00 

34.95 

2,893            

104 

01 

100.31 

23.94 

8.617       1     

332 

9 

156.4 

22.74 

12,354       !     

483 

3 

SlB.e 

21.05 

14.970            

637 

e 

1S6.2 

22.75 

12,245             

482 

8 

100.27 

33.94 

8,641       

323 

6 

18,00 

24.95 

2.906 

104 

44 

99.73 

23.95 

8,581 

321 

4 

Feb  U... 

24.98 

18.00 

24.95 

2.800 

'.'.'.'.'.'.  ^    103 

94 

1S5.4 

22.TT 

12,331 

1      481 

9 

217.5 

21.09 

14,964 

636 

18S.4 

28.77 

13,238       '     I       482 

0 

09.66 

23.95 

8,613       1     1       322 

18.00 

34.95 

2,908       104 

51 

Feb.  24... 

I 

24.98 

18.00 

24.95 

2,893 

104 

D4 

216.8 

21.11 

14,936 

634 

8 

18.00 

24.95 

2,918 

104 

B6 

Feb.  as... 

I 

24.98 

18.00 

24.95 

2,892 

103 

99 

IGS.S 

28.76 

13,197 

480 

6 

18.00 

34.95 

2,900 

1       104 

23 

April   13.. 

I 

49.39 

18.00 

49.83 

5,574.1 

0.8958         100 

19 

100.04 

4T.83 

16.456 

308 

2 

158.3 

45.42 

23JJ43 

498 

2 

21H.0 

42.13 

38.112 

697 

9 

15S.7 

45.45 

23Ji27 

45T 

6 

99.93 

47.83 

16,465 

308 

2 

18.00 

49.83 

5,984 

100 

33 
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KlLVKk    HtTftATE.                                                                           I 

0... 

cu 

&.««.«■ 

TMPC  It 

Co=««,t 

C«,du«- 

Ea<it*l»< 

So. 

<Ia»u4°. 

KK.  1°. 

""  •'  '"• 

"«  X  n*. 

WMltr. 

1B05 

Nov.  16... 

Ill 

49.94 

IB. 00 

49.87 

4,450.8 

1.12S2 

100.42 

Not.  17... 

III 

IB 

00 

49.87 

4,452.6 

1.1252 

100.45 

305 

0 

35.23 

21,912 

1.1187 

695.0 

280 

2 

37.80 

23,179 

1.1181 

685.5 

18 

00 

49. B7 

4,455.9 

1.1252 

100.48 

Not.  is... 

III 

49.93 

IB 

00 

49.86 

4,451.2 

100.43 

280 

9 

37.68 

23,156 

687.1 

306 

0 

3S.08 

21,820 

696.0 

IS 

00 

49.B6 

4,440.1 

100.16 

tOM 

Fab.    4... 

I 

99.92 

IB 

00 

99.79 

10^519 

0.8974 

94.59 

100 

21 

95.77 

30,915 

289.7 

157 

3 

90.77 

43,459 

429.1 

21B 

1 

B4.50 

51,677 

54B.3 

157 

7 

90.74 

43,571 

430.4 

100 

13 

95.77 

30,927 

289.7 

IB 

99.79 

10,543 

»4.ao 

Feb.    6... 

I 

99. SZ 

IB 

100 

00 

14 

09.79 

95.77 

10,519 

30,894 

94.  S9 
289.4 

ISB 

5 

(<0.74 

43,543 

430.6 

218 

84.56 

51,680 

548.4 

159 

3 

SO.  56 

43,956 

435.5 

100 

IS 

85.77 

30;949 

'.'.'."'. 

289.9 

18 

00 

99.79 

10.546 

94. B2 

Feb.  ES... 

I 

96. 9S 

18 

00 

99.79 

10,518 

94.58 

15S 

B 

91.02 

43,236 

426.3 

18 

00 

99.79 

10,527 

94.65 

Apr.  16  . . 

1 

100.01 

18 

98 

00 

99. 8S 
95.91 

10,568 
30,908 

oissss 

94.77 
288.7 

155 

4 

91.14 

43,322 

425.7 

217 

5 

84.73 

01,840 

547.9 

15S 

91.14 

43,358 

426.1 

99 

67 

95.89 

30,999 

2S9.5 

18 

00 

90.88 

10,583 

94.90 

1»5 

Not.  81  . . 

III 

99.85 

la^i 

99.72 

8,433.8 

1.1238 

95.16 

281  !b 

75.71 

(41,911) 

1.1187 

(619.0) 

Not.  23. . . 

III 

306.0 

70.55 

(39,154) 

1.1181 

(OSO.l) 

1904 

Mar.  14. .1     I        2.001 

18.00 

1.998 

278.39 

0.8967 

UM.SS 

100 

00 

61B 

863.04 

401.8 

15S 

9 

822 

1JJ38.0 

605.6 

BIT 

B 

686 

1,515.0 

801.4 

155 

8 

823 

1,240.7 

606.7 

99 

95 

918 

864.30 

401.2 

19 

00 

998 

280.08 

124.63 

Mar.  15..      I        1,999 

IS 

00 

996 

277.72 

124.41 

99 

88 

916 

B58.74 

400.3 

155 

821 

1.236.8 

606.2 

217 

6 

685 

1,515.0 

801.3 

15S 

6 

1,237.0 

605.8 

99 

81 

916 

859.27 

399.4 

t 

18 

00 

996 

278.50 

124.07 

Section  j^.—The  Conductivity  Data. 
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POTASSIUM    SULPKATK-Cmmmi**. 

Dw. 

CM 

il«u«». 

T«».'i- 
Wre.  /=. 

liiiii  11 1". 

CaotDCI- 

^CX" 

I4.lnl>iii 

ISOS 

Apr.    3  .. 

II 

8.001 

18.00 

1.998 

845.9 

0.8974 

125.48 

277.2 

616 

4.727.3 

0.8966 

916.0 

305.4 

399 

4,417- B 

0.2985 

933.7 

18.00 

909 

849.9 

0.2974 

125.22 

Apr.    4  . . 

11 

2.001 

IS.  00 
2T7.2 
305.4 

IS. 00 

999 
516 
398 
999 

842.6 
4,748.8 
4,426.3 

S47.7 

124.94 
920.5 
929.1 
185.00 

Apr.  81  . . 

II 

1.9W 

18.00 

996 

847.0 

6!2950 

124.70 

880.6 

502 

4.780.5 

0.2942 

927.2 

303.0 

3oe 

4,470.1 

0.2941 

930.6 

18.00 

996 

853.2 

0.2950 

124.87 

Jul7  12  .. 

II          2.001 

18.00 

998 

859.  T 

0.2913 

125.03 

281.1 

502 

4,858.6 

0.2905 

930.7 

306.6 

397 

4,471.3 

0.29O4 

919.4 

18.00 

998 

895.6 

0.2913 

129.33 

Julj  13... 

II  1      S.003 

18.00 

000 

857.8 

124.44 

281.0 

504 

4,852.2 

928.3 

305.5 

397 

4,430.9 

920.8 

1 

18.00 

000 

880.3 

126.98 

Mar.  16  .. 

1  1    la.sos 

18.00 

12 

490 

1,588.5 

0.8967 

114.00 

09.86 

11 

989 

4,810.8 

359.9 

1S6.1 

11 

3S8 

6.755.4 

531.5 

217. 8 

547 

7,880.8 

669.2 

156.8 

387 

6,761.8 

531.9 

99.88 

11 

980 

4,819.5 

360.0 

18.00 

12 

490 

1.691.6 

114.10 

Har.  17  . . 

I  i    la.BOs 

18.00 

12 

490 

1.590.5 

114.13 

100.38 

11 

983 

4.844.3 

368.8 

156.7 

11 

381 

6,782.9 

534.0 

218.4 

10 

548 

7.895.8 

671.0 

150.7 

381 

6,788.9 

534.3 

100.30 

11 

985 

4,845.2 

362.1 

18.00 

12 

490 

1.592.6 

114.17 

190S 

Apr     6  ..1    11  1     ia.503 

18.00 

12 

487 

4,799.6 

0.2972 

114.14 

Apr.  10  ..     II  1     12.493 

18.00 

12 

477 

4.800.3 

0.2965 

114.02 

1 

875.5 

9 

507 

22,460 

0.2954 

696.2 

304.9 

8 

753 

19,463 

0.2953 

655.0 

18.00 

12 

477 

4.811.9 

0.2962 

114.03 

Apr.  12  . . 

II  1     12.402 

18.00 

12 

476 

4,907.7 

0.3963 

114.07 

275.8 

9 

503 

22,528 

0.2951 

698.0 

305.1 

8 

746 

10,4% 

0.3950 

656.0 

280.6 

9 

394 

22.292 

0.2951 

698.6 

18.00 

18 

476 

4,818.8 

0.2959 

114.08 

Apr.  13  .. 

II 

12.490 

18.00 

12 

473 

4,613.0 

0.2959 

114.10 

280.7 

392 

22,281 

0.2948 

697.7 

305.2 

8 

744 

19,523 

0.2947 

658.4 

18.00 

IS 

473 

4,817.5 

0.2956 

113.97 

May    1  .. 

II 

12.497 

18.00 

12 

481 

4,841.0 

0.2951 

114.37 

881.8 

0 

388 

22,214 

0.2940 

694.0 

305.3 

8 

748 

19,531 

0.2939 

S54.4 

18.00 

13 

481 

4,845.5 

0.2048 

114.25 

9^ 
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BARIUM    NITRATB-Contlnaed. 


Date. 

Cell 

CoDcentra- 

Tempera- 

Concentra- 

Condoct- 

Condnctance 

BqahralcBi 

■^MAV* 

No. 

tion  at  4°. 

ture,  /® 

tioo  at  t°. 

ancc  X  to*. 

capacity. 

condBctaocc. 

1904 

• 

Oct     4   .. 

Ill 

50.17 

18.00 

50.11 

3,827.7 

1.1372 

86.85 

Oct     5    .. 

III 

18.00 

50.11 

3,836.0 

1.1359 

86.04 

280.8 

37.86 

17,191 

1.1284 

512.0 

Oct  12   .. 

III 

50.19 

18.00 

50.12 

3,845.9 

1.1349 

87.08 

281.2 

37.86 

17,086 

1.1272 

508.6 

305.5 

35.29 

14,597 

1.1266 

465.5 

18.00 

50.12 

3,817.9 

1.1337 

86.20 

Oct  22  .. 

III 

50.09 

18.00 

50.02 

3,860.1 

1.1274 

86.07 

305.5 

35.22 

14,703 

1.1190 

466.7 

18.00 

50.02 

3,885.6 

1.1261 

87.41 

Oct  20   .. 

III 

78.72 

18.00 

78.62 

5,696.4 

1.1320 

82.03 

281.0 

59.53 

24,606 

1.1247 

465.6 

305.1 

55.60 

21,025 

1.1241 

424.7 

18.00 

78.62 

5,670.2 

1.1312 

81.56 

Oct  25   .. 

III 

78.73 

18.00 

78.63 

5,726.4 

1.1261 

82.02 

281.2 

59.51 

24,742 

1.1187 

464.8 

305.7 

55.52 

21,120 

1.1181 

425.2 

18.00 

78.63 

5,705.9 

1.1252 

81.63 

Apr.  12  .. 

I 

100.07 

18.00 

99.95 

8,830.1 

0.8960 

70.14 

99.50 

95.97 

26,789 

•• 

250.1 

155.3 

91.22 

37,027 

«t 

363.6 

217.3 

84.83 

42,075 

i« 

444.7 

18.00 

99.95 

8,832.4 

i< 

79.14 

Apr.  13  .. 

I 

100.00 

18.00 

99.87 

8,819.1 

79.11 

99.80 

95.87 

26,850 

250.0 

155.5 

91.07 

37.079 

364.5 

217.5 

84.68 

42,012 

444.8 

155.5 

91.07 

37,179 

364.5 

99.77 

95.88 

26,846 

250.8 

18.00 

99.87 

8,821.4 

79.11 

1905 

Oct   14    .. 

III 

100.34 

18.00 

100.21 

6,995.4 

1.1337 

79.14 

281.3 

75.97 

29,526 

1.1263 

437.3 

18.00 

100.21 

6,693.0 

1.1328 

75.60 

Oct  17   .. 

III 

100.40 

18.00 

100.28 

7,004.0 

1.1328 

79.12 

280.9 

76.12 

29,763 

1.1255 

439.8 

18.00 

100.28 

7,019.0 

1.1320 

79.21 

MAGNESIUM     SULPHATE. 


1904 
June  28 


June  28 


II 


II 


1.982 


2.168 


18.00 
100.07 
155.7 
217.7 
155.9 
100.05 

18.00 

18.00 
100.12 
155.9 
217.8 
155.9 
100.12 

18.00 


1.979 
1.900 
1.805 
1.670 
1.805 
1.900 
1.979 
2.105 
2.078 
1.975 
1.827 
1.975 
2.078 
2.165 


611.07 
1,894.2 
2,280.7 
1,537.5 
2,290.4 
1,907.3 

614.67 

661.16 
2,045.2 
2,440.7 
1,628.8 
2,457.6 
2,056.6 

665.82 


0.3070 
0.3068 
0.3066 
0.3064 
0.3066 
0.3068 
0.3070 


94.43 
304.4 
384.7 
277.6 
385.6 
305.7 

94.55 

93.41 
300.5 
376.4 
269.1 
378.3 
301.4 

03.68 


Section  39.— The  ConducHvtty  Data. 
Table  10. — Tht  conductivity  da (0— Continued. 


MAGNUIUM    SULPH  ATI-Corn 


Apr.  2S  . 
Apr.  27   . 


51 

1,032.8 

01 

2,877.8 

41 

2,951.7 

55 

1.629.3 

2.953.4 

01 

2,881.0 

51 

1,036.3 

13 

1.880.9 

09 

5,026.7 

4,961.8 

09 

2.678.7 

84 

4.9M.7 

5.026.9 

13 

1,883.9 

76 

3,324.2 

65 

8,581.5 

13 

8,186.0 

02 

4,342.7 

13 

8J90.7 

65 

8,590.4 

76 

3,332.8 

81 

S.552.4 

14,017 

98 

13.088 

63 

7,015.0 

Bl 

^568.5 

81 

5.5S2.4 

99 

13,109 

81 

5.5S5.0 

69 

5.851.1 

40 

14.739 

13,754 

42 

7.340.5 

26 

13.786 

40 

14.766 

6Q 

5,869.2 

71 

9.467.9 

83 

23.581 

36 

21.896 

49 

11,384 

44 

21.9SS 

82 

23,619 

71 

9,485.9 

4 

15,044 

2 

37.372 

4 

33,115 

4 

38,116 

4 

15.075 

73.83 
214.4 
231.4 
137.7 
231.4 
214.4 
73.91 
64.41 
ITS.  2 
1BS.2 
108.3 
1S6.2 
179.3 
64.44 
56.40 
151.7 
1S2.2 
87.0 
152.3 
151.8 

sa.38 

40.  Bl 
131.0 
12s. 8 
74.1 
40.92 
49.81 
120.0 
49.82 
40.10 
128.9 
126.6 
72.6 
126.7 
120.1 
40.23 
43.31 
112.3 
100.9 
61. S 
110.3 
112.6 
43.40 
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In  regard  to  these  experiments  a  few  remarks  of  a  special  character  may 
be  added.  In  the  case  of  silver  nitrate  it  was  observed,  when  the  bomb 
was  rinsed  with  absolute  alcohol  and  ether  and  the  adhering  portion  of 
the  latter  solvent  allowed  to  evaporate,  that  there  was,  even  at  218*,  a 
rapid  progressive  decrease  in  the  conductance  of  the  solution  and  that 
this  was  due  to  an  extensive  reduction  of  the  salt  In  fact,  in  two  experi- 
ments, one  at  218*  and  one  at  306*,  it  was  found  upon  cooling  and  open- 
ing the  bomb  that  it  was  entirely  coated  with  a  crystalline  deposit  of  metal- 
lic silver,  and  that  the  solution  contained  no  silver  and  no  acid  whatever, 
giving  no  precipitate  with  hydrochloric  acid  and  no  color  change  with  lit- 
mus. Since  the  minute  quantity  of  organic  matter  present  could  not  pos- 
sibly cause  this  reduction,  it  is  evident  that  the  decomposition  when  once 
started  goes  on  spontaneously,  the  reaction  being  apparently  catalyzed  by 
the  metallic  silver.  This  remarkable  phenomenon  was  not  observed  when 
the  bomb  was  rinsed  with  pure  water  and  quickly  dried  at  100*,  or  when 
rinsed  with  the  solution,  except  in  the  last  experinients  at  281*  and  306* 
made  with  the  strongest  (100  milli-normal)  solution;  in  these  cases  a 
slow  decrease  in  conductance  occurred,  and  the  conductivity-values  given 
are  therefore  less  reliable  than  usual ;  yet  since  they  have  been  corrected 
upon  the  basis  of  measurements  of  the  rate  of  change  they  are  probably 
not  in  error  by  more  than  1  per  cent. 

In  the  case  of  the  100  milli-normal  barium  nitrate  solution  at  306*  a 
steady  decrease  in  conductance  was  also  observed,  but,  since  upon  return- 
ing to  18*  the  conductance  was  found  to  be  the  same  as  before  the  heating, 
the  observed  change  was  doubtless  due  to  the  gradual  separation  of  the 
salt  itself  or  of  a  basic  derivative  of  it  from  the  solution.  We  did  not 
therefore  obtain  reliable  measurements  at  this  concentration  at  306*,  but  in 
place  of  them  we  investigated  at  that  temperature  a  somewhat  more  dilute 
solution  (80  milli-normal)  in  which  the  change,  though  noticeable,  was 
so  slow  as  to  introduce  no  important  error. 

In  the  experiments  with  magnesium  sulphate  a  similar  decrease  in 
conductance  was  observed  with  the  350  milli-normal  solution  at  218*  and 
even  with  an  80  milli-normal  solution  at  306*.  In  the  former  case  a  white 
crystalline  deposit  was  found  in  the  bomb  upon  cooling  and  opening  it 
without  shaking,  and  the  solution  was  found  by  titration  to  contain  con- 
siderable acid.  On  account  of  the  large  hydrolysis  and  the  separation  of 
a  solid  phase,  even  in  fairly  dilute  solution,  no  attempt  was  made  to  carry 
the  measurements  above  218*. 
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40.    SUMMARY  OF  THE  EQUIVALENT-CONDUCTANCE  VALUES. 

The  separate  conductance  values  given  in  table  19  were  all  corrected  so 
as  to  correspond  to  the  uniform  temperatures  of  18*,  100°,  166**,  218**,  281**, 
and  306**  by  means  of  temperature-coefficients  obtained  by  plotting  those 
values.  The  so-corrected  equivalent  conductances  are  summarized  in 
table  20.  The  concentration  is  expressed  in  milli-equivalents  per  liter  at 
4**.  In  the  columns  headed  "Initial"  are  given  the  equivalent  conductances 
obtained  from  the  measurement  at  the  temperature  in  question  before 
going  to  the  higher  temperatures ;  while  in  the  columns  headed  "Final"  are 
given  the  equivalent  conductances  obtained  after  returning  to  the  tempera- 
ture in  question  from  the  higher  ones.  From  a  comparison  of  the  separate 
initial  values  at  any  temperature  and  concentration  the  degree  of  agree- 
ment of  determinations  made  at  different  times,  and  often  with  differ- 
ent solutions,  will  be  seen.  A  comparison  of  the  initial  and  final  values 
in  the  separate  experiments  shows  the  contamination  that  resulted  from 
the  heating. 

Table  20. — Equwaleni  conductance  at  round  temperatures. 


SODIUM    CHLORIDE. 

Date. 

Concentra- 
tion at  A^. 

18». 

100°. 

218°. 

281°. 

306*^. 

Inidal. 

Final. 

1905 

Mar.  25  .. 
Nov.  13   .. 

1904 
Mar.  31  .. 
July    1   .. 

Mean    .. 

1905 
Mar.  15  .. 
Mar.  17  .. 
Mar.  21  .. 
Mar.  23  .. 
Mar.  29  .. 
Apr.  23  .. 

Mean    .. 

1904 
Apr.     1  .. 

1905 
Sept  26  . . 
Oct     1    .. 

Mean    .. 

Nov.  28  .. 

2.000 
2.006 

10.013 
10.020 

105.71 
105.5 

102.02 
101.96 

106.22 
105.5 

102.01 
102.12 

'349.3 

691.3 
688.4 

972 

10.017 

101.99 

102.07 

689.9 

10.027 
10.009 
10.021 
10.015 
9.974 
10.017 

101.91 
101.96 
101.93 
101.94 
102.02 
101.94 

101.89 
102.86 
103.07 
102.14 
102.07 
101.98 

830.0 
836.7 
835.1 
835.2 
836.8 
837.2 

879.8 
886.8 
884.0 
883.4 
885.4 
887.2 

10.010 

101.95 

102.33 

835.1 

884.5 

100.13 

100.13 
100.17 

92.14 

92.08 
92.08 

92.18 

92.22 
92.34 

588.0 

678.7 
678.7 

694.4 
693.5 

100.15 

92.08 

92.28 

678.7 

694.0 

100.02 

91.94 

92.01 

296.8 

156° 
445.5 
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Table  20. — Equivalent  conductance  at  round  temperatures — Continued 


POTASSIUM    CHLORIDE. 


Date. 

Concentra- 
tion at  4°. 

18°. 

218°. 

281°. 

306°. 

Initial. 

Final. 

1904 

Mar.  25.. 

10.015 

122.38 

122.68 

746.8 

1905 

Mar.  13.. 
Mar.  14.. 
Apr.  24.. 

10.021 
10.021 
10.008 

122.40 
122.40 
122.45 

122! 41 
122.51 

889!8 
887.6 

935.4 

'ossio 

Mean  . 

10.016 

122.42 

122.46 

888.7 

935.5 

1904 

Mar.  28.. 

100.13 

111.98 

112.18 

637.7 

1905 

Sept  27.. 
Oct     2.. 
Oct     9.. 
Oct   27.. 

100.12 
100.20 
100.17 
100.04 

111.97 
111.97 
112.03 
112.03 

112 126 

miss 

mis 

•raili 

Mean  . 

100.13 

112.00 

112.27 

727.0 

736.2 

Date. 


1905 
Nov.  18.. 
Not.  21.. 
Nov.  20.. 
Nov.  25.. 


Concentra- 
tion at  4°. 

18°. 

25°. 

50°. 

75°. 

100°. 

128°. 

140°. 

Initial. 

Final. 

2.002 
9.996 
19.992 
100.01 

126.4 
122.4 
120.1 
112.0 

126.2 
122.5 
120.1 
112.0 

146.4 
141.5 
138.8 
129.0 

393.3 
377.7 
368.3 
336.7 

47i!8 

534.2 

215.3 
210.4 
194.7 

295.4 
265.1 

417.1 

449.7 

156°. 


589.1 
563.0 

49218 
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SILVER    NITRATE. 

Date. 

Concen- 

tratioii 

•t4°. 

18». 

.00°. 

.560. 

218°. 

281°. 

306°. 

Initial. 

Final. 

Initial. 

Final. 

Initial. 

Final. 

1904 

Feb.     16 

Feb.     17 

June    27 

Mean   

1905 

May    19 

May    22 

May    23 

July    11 

Mean   

1904 

April  14 

1905 

May    24 

May    25 

Mean  

1904 

Jan.     27 

Jan.     28 

Feb.      1 

Feb.      2 

Feb.    18 

Feb.    23 

Feb.    24 

Feb.     25 

Mean   

1904 

Apr.    15 

1905 

Nov.    16 

Nov.    17 

Nov.    18 

Mean  

1904 

Feb.      4 

Feb.      5 

Feb.    25 

April   16 

Mean   

Nov.    21 

Nov.    23 

1.999 
1.999 
2.002 

112.02 
112.14 
112.25 

113.35 
112.89 
113.18 

351.7 
352.1 
350.7 

353.5 
353.9 
353.3 

533.0 
533.9 
534.0 

536.3 
534.7 
536.0 

722.0 
720.6 
729.6 

2.000 

112.14 

113.14 

351.5 

353.6 

533.6 

535.7 

724.1 

957.0 
953.7 
952.7 
956.8 

2.003 
1.999 
2.002 
2.004 

112.62 
112.38 
112.10 
112.32 

117.31 
115.75 
115.30 
118.20 

896.1 
895.3 
892.8 

2.002 

112.29 

116.64 

894.7 

955.1 

335.5 

504.1 

672.2 

12.481 

12.497 
12.497 

107.55 

107.09 
107.09 

107.72 

107.58 
107.30 

335.3 

504.0 

797.6 
798.2 

831.9 
832.1 

12.497 

107.09 

107.44 

797.9 

832.0 

322.5 
321.8 
322.1 
322.2 
322.0 
322.2 

483.4 
482.5 
482.3 
482.1 
482.2 
483.5 

637.4 
638.0 
637.0 
637.5 
636.5 
637.3 
636.8 

24.98 
24.98 
24.98 
24.98 
24.98 
24.98 
24.98 
24.98 

104.22 
104.03 
104.04 
104.12 
104.01 
103.94 
104.04 
103.99 

105.22 
104.83 
104.43 
105.06 
104.44 
104.51 
104.86 
104.23 

323.2 
323.6 
322.7 
324.3 
322.8 
323.4 

482.8 
483.0 
482.5 
484.5 
482.3 
483.6 

481.7 

24.98 

104.05 

104.70 

322.1 
308.1 

323.3 
308.4 

482.5 

483.1 

637.2 
597.5 

49.89 

49.94 
49.94 
49.93 

100.19 

100.42 
100.45 
100.45 

100.33 

457.4 

458.4 

100.48 
100.16 

685.5 
687.1 

694.5 
695.0 

49.94 

100.44 

94.59 
94.59 
94.58 
94.77 

686.3 

694.8 

425.9 
424.4 
426.8 
427.2 

548.1 
548.2 

99.92 

99.92 

99.92 

100.01 

94.80 
94.82 
94.65 
94.90 

289.3 
289.1 

289.4 
289.6 

426.2 
427.1 

289.6 

290.1 

427.6 

548.9 

99.94 

94.64 
95.16 

94.79 

289.3 

289.7 

426.1 

427.0 

* 

548.4 

(620.) 

99.85 

(619.) 

• 
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Table  20. — Equivalent  conductance  at  round  temperatures — Continued. 


POTASSIUM    SULPHATE. 

Date. 

Concen- 
tration 
at4« 

18°. 

ioo*>. 

15tf». 

as®. 

281®. 

306°. 

Initial. 

Final. 

Inidal. 

Final. 

Initial. 

Final. 

1904 

Mar.    14 

Mar.    15 

Mean   

1905 

April     3 

April     4 

April  21 

July     12 

July    12 

Mean   

1904 

Mar.    16 

Mar.    17 

Mean  

1905 

April     6 

April   10 

April   12 

April   13 

May      1..... 

Mean   

1904 

Mar.    18 

Mar.    21 

Mean   

1905 

Sept    29 

Sept   29 

Mean   

1904 

Mar.    22 

Mar.    23 

Mean   

1905 

Sept    30 

Sept    30 

Mean   

2.001 
1.999 

124.58 
124.41 

124.63 
124.07 

401.8 
400.7 

401.4 
400.1 

606.0 
607.2 

607.4 
606.6 

802.0 
802.4 

2.000 

2.001 
2.001 
1.999 
2.001 
2.003 

124.50 

124.35 

401.3 

400.8 

606.6 

607.0 

802.2 

125.42 
124.94 
124.76 
125.03 
124.44 

125.22 
125.00 
124.87 
129.33 
126.98 

919.8 
924.3 
927.7 
930.6 
028.8 

933.3 
928.7 
020.9 
019.2 
019.9 

2.001 

12.503 
12.508 

124.92 

126.28 

926.1 

986.2 

114.00 
114.13 

114.10 
114.17 

360.3 
361.0 

360.4 
361.1 

531.2 
532.0 

531.3 
532.3 

669.5 
670.4 

12.506 

12.503 
12.493 
12.492 
12.490 
12.497 

114.07 

114.14 

360.7 

360.8 

531.6 

531.8 

670.0 

114.13 
114.02 
114.07 
114.10 
114.37 

114.03 
114.08 
113.97 
114.25 

696.2 
698.0 
697.7 
694.0 

652.8 
654.2 
654.6 
653.0 

12.495 

50.05 
50.00 

114.14 

114.08 

102.14 
102.11 

696.5 

653.7 

102.03 
102.05 

313.7 
313.9 

313.5 
313.9 

449.0 
450.1 

448.9 
450.4 

537.9 
538.6 

50.03 

50.12 
50.04 

102.04 

102.13 

313.8 

313.7 

449.6 

449.7 

538.3 

102.02 
102.06 

102.33 
102.31 

527.3 
526.4 

481.6 
480.3 

50.08 

102.04 

95.05 
95.06 

102.32 

95.04 
95.05 

526.8 

481.0 

100.13 
100.16 

288.0 
288.0 

287.9 
288.1 

407.3 
407.4 

407.3 
407.5 

477.0 
477.6 

100.15 

100.03 
100.07 

95.06 

95.05 

288.0 

288.0 

407.4 

407.4 

477.3 

94.97 
94.86 

95.01 
94.88 

455.1 
454.1 

410.5 
400.6 

•  •  •  •  • 

100.05 

94.92 

94.94 

454.6 

410.0 

BARIUM     NITRATE. 

1904 

April     7 

April     8 

Mean   

1905 

May      2 

May      3 

Mean   

1904 
April  11 

1.999 
1.999 

109.52 
109.55 

109.05 
109.26 

352.5 
352.7 

351.1 
352.2 

540.1 
538.2 

538.2 
538.2 

720.7 
724.2 

1.999 

1.997 
2.003 

109.54 

110.08 
109.83 

109.16 

352.6 

351.7 

539.2 

538.2 

722.5 

110.51 
110.00 

863.8 
863.8 

877.0 
880.1 

2.000 

109.95 
99.48 

110.26 

863.8 

878.6 

12.512 

99.47 

317.4 

317.5 

476.1 

475.7 

614.9 

1 

1 
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Table  20. — Equivalent  conductance  at  round  temperatures — Continued. 


BARIUM 

NmiATB. 

Concen- 
trarioD 

18°. 

100°. 

156°. 

218°. 

281°. 

«.k,«0 

Date. 

Initial. 

Final. 

Initial. 

Final. 

Inidal. 

Final. 

306°. 

1905 

May      4 

May      5 

May      8 

12.512 
12.508 
12.496 

99.48 
99.51 
99.48 

100.23 
99.73 

665.6 
664.7 

633.2 

631.7 

Mean   

12.504 

99.49 

99.98 

«   •  •   •   • 

665.1 

632.5 

1904 
April  12 

1905 
Oct       2 

50.05 

50.09 
50.16 

M 

50.17 

50.19 
50.09 

86.97 

86.95 
86.93 
87.00 
86.85 
86.94 
87.08 
86.97 

87.02 

275.5 

275.6 

404.6 

404.6 

502.9 

507.2 

462.2 

Oct       3 

Oct       3 

Oct.       4 

Oct       5 

511.8 
508.8 

Oct      12 

86.29 
87.41 

464.5 

Oct     22 

465.7 

Mean   

78.72 
78.73 

86.96 

509.3 

465.6 
465.0 

464.1 

Oct     20 

82.03 
82.02 

81.56 
81.63 

B^™=« 

422.9 

Oct     25 

424.6 

Mean   

78.73 

82.03 

465.3 

423.8 

1904 
April   12 

100.07 
100.00 

79.14 
79.11 

79.14 
79.11 

251.2 
251.3 

251  is 

364.8 
365.4 

365!4 

445.1 
445.1 

April   13 

Mean   

100.04 

79.13 

79.14 
79.12 
79.13 

79.13 

251.3 

251.3 

365.1 

365.4 

445.1 

1905 
Oct     14 

100.34 
100.40 
100.37 

75.60 
79.21 

437.6 
439.6 
438.6 

Oct.     17 

Mean  

MAGNESIUM    SULPHATE. 


Date. 
1904 

June  28 

June  28 

Corrected 
values.... 

May    6 

Corrected 
values.... 

Apr.  25 

Corrected 
values. . . . 

Apr.  26 

Corrected 
values. . . . 

Apr.  28 

Apr.  28 

Apr.  27 

Corrected 
values. . . . 

May    2 

May    3 


Concen> 

tration 

•14°. 


1.982 
2.168 


2.000 


12.529 


12.500 


26.16 


25.00 
52.83 


50.00 


99.93 

99.93 

106.83 


100.00 


195.96 
350.9 


18°. 


Initial. 


94.43 
93.41 


94.3 


73.83 


73.9 


64.41 


64.8 


56.40 


56.8 


49.81 
49.81 
49.10 


49.8 


43.31 
38.44 


Final. 


94.56 
93.68 


73.91 


100°. 


Initial. 


304.3 
300.3 


304.0 


214.2 


64.44 


56.52 


49.92 
49.82 
48.23 


43.40 
38.51 


214.3 


179.6 


180.7 


151.9 


153.1 


131.0 

•  •  •  •  • 

128.9 


131.0 


112.3 
99.7 


Final. 


305.6 
301.2 


214.3 


179.7 


151.9 


..... 


129.1 


112.4 


156°. 


Initial. 


384.7 
376.4 


384.0 


231.4 


231.5 


185.9 


187.0 


151.9 


129.0 


110.2 
98.7 


Final. 


385.6 
378.3 


275.7 

231.4 

140.0 

140.1 

185.9 

107.4 

108.0 

152.0 

86.5 

87.1 

i26!9 

74.4 
'72.9 

74.4 

110.3 
98.7 

61.6 

218°. 


276.5 
268.4 
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Table  21  contains  a  summary  of  best  values  derived  from  the  means 
in  table  20.  The  means  of  only  the  initial  values  have  been  taken  and 
these  have  been  corrected  for  the  contamination  upon  heating  in  the  man- 
ner described  in  section  16,  Part  11. 

Table  21. — Best  values  of  the  equivalent  conductance  at  round  temperatures. 


Tenperatore 

Sodium  chloride. 

Pottitinm  chloride. 

UlTer  nitrate. 

(<«>) 

Concentration 

BqniTftlent 

Concentration 

BqniTalent 

Concentration 

B^aivalent 

•te«. 

conductance. 

ail« 

conductance. 

«<*>. 

coodactaacc. 

18 

2.000 

105.6 

2.000 

126.4 

1.998 

112.2 

10.00 

102.0 

10.00 

122.4 

12.48 

107.2 

100.0 

92.0 

100.0 

112.0 

24.95 

104.0 

49.86 
99.8 

100.2 
94.6 

100 

1.924 

349.3 

1.920 

393.3 

1.916 

351.0 

95.9 

296.8 

9.58 

377.7 

11.97 

335.0 

95.9 

336.7 

23.95 
47.83 
95.8 

321.5 
308.0 
289.0 

156 

91.1 

445.5 

1.824 

589 

1.821 

532 

9.10 

563 

11.37 

504 

91.1 

493 

22.75 
45.43 
91.0 

481.0 
457.0 
426.0 

218 

8.44 

690 

8.44 

746 

1.685 

720 

84.4 

588 

84.4 

637 

10.52 
21.07 
42.13 
84.6 

672 
635 
597 
548 

281 

7.53 

834 

7.51 

889 

1.500 

877 

75.7 

678 

75.6 

726 

9.38 
37.70 
75.7 

796 

685 

(616) 

306 

1.394 

972 

6.99 

935 

1.394 

937 

6.99 

883 

70.5 

735 

8.71 

830 

70.5 

694 

35.10 
70.6 

693 

(617) 
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Table  21. — Best  valutt  of  equtvattnt  condwlance  at  round  Utnperatures — Continued 


Tsiinlu  chUHili. 

ict 

CoDctmii 

tkHI 

CJ") 

C„™,..Uo. 

c!:;!;«;«. 

1.997 

146.4 

75° 

9.75 

295.4 

141. 

. 

97.5 

28S.1 

19.93 

138.8 

99.7 

129.0 

so 

9.se 

218.3 

128° 

9.36 

471.8 

iB.Te 

210.4 

93.6 

417.1 

98.8 

194.7 

PMwiw 

HlpkU.. 

BHiw  nitiilc. 

M.^ --.,.«.          1 

{!•) 

««<.«««. 

■i(". 

entioiDce. 

la 

1.99a 

124.6 

1.996 

109.7 

1.993 

94.3 

12. 4B 

114.1 

12.51 

99.5 

12.49 

73.9 

103. 0 

50.07 

87.0 

24.98 

64.8 

78.6 

32.0 

49.9S 

100.1 

79.1 

99.9 
195.7 
350.4 

49.8 
43.3 
38.45 

1.91G 

353.0 

1.919 

304.0 

12.01 

317.5 

11.99 

214.3 

47. DS 

313.6 

47.98 

275.5 

23.98 

180.7 

gs.o 

SSS.O 

93.9 

851.0 

47.97 
9S.9 
187.8 
336.3 

153.1 
131.0 
112.3 
99.7 

156 

l.BEl 

607 

1.821 

B39 

384.0 

11.39 

532 

11.41 

476.0 

11.39 

231.5 

449.5 

45.58 

404.5 

82.77 

187.0 

91.2 

407. S 

91.1 

365.  S 

45.55 
91.1 
178.5 
319.5 

153.1 
129.0 
110.2 
98.7 

SIS 

i.ess 

802 

1.685 

723 

1.6B5 

275.7 

10. 5S 

670 

10.53 

615 

10.53 

140.1 

42.24 

S03 

21.07 

108.0 

S4.8 

477.8 

84.7 

445.0 

42.13 
84.3 
106.7 

87-1 
74.4 
61.6 

SSI 

1.503 

920 

1.501 

862 

9.39 

697 

9.43 

6«4 

526 

37.85 

509 

75.6 

454.5 

59.5 
76.0 

465.3 
438.5 

920 

1.392 

877 

8.73 

654 

8.77 

631 

35.07 

480.5 

35.10 

464 

70.36 

410.0 

424 
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41.    EQUIYALENT-CONDUCTANCE  VALUES  AT  ROUND  CX>NCENTRATIONS. 

The  conductance  values  in  table  21  which  refer  to  diflFerent  concentra- 
tions at  different  temperatures  have  been  reduced  to  a  uniform  round  con- 
centration by  graphic  interpolation  with  the  help  of  the  linear  function 

—  = h  K(CA)^  discussed  in  section  17.    The  so-reduced  values  are 

A       Ao 

presented  in  table  22,  except  those  for  sodium  and  potassium  chlorides, 
which  have  already  been  simimarized  in  table  9,  section  16.  As  these  are 
our  final  values  it  may  be  again  stated  in  explanation  of  the  table,  that,  as  in 
the  preceding  tables,  the  concentration  is  expressed  in  milli-equivalents  per 
liter  based  on  the  international  atomic  weights  for  1905  referred  to  oxygen 
as  16.00 ;  that  the  temperature  is  the  true  temperature  on  the  hydrogen-gas 
scale  as  derived  (at  the  higher  temperatures)  from  the  determinations  of 
Jaquerod  and  Wassmer  of  the  boiling-points  of  naphthalene  and  benzo- 
phenone;  and  that  the  equivalent  conductance,  which  has  been  corrected 
for  that  of  the  water,  is  expressed  in  reciprocal  ohms,  the  absolute  conduct- 
ance-capacity of  the  conductivity  vessel  having  been  derived  from  Kohl- 
rausch  and  Maltby's  data  for  sodium  and  potassium  chloride  at  18""  and 
corrected  for  its  change  with  the  temperature.  The  concentration  g^ven 
in  the  second  column  is  that  at  the  temperature  of  the  measurement. 

The  conductances  at  zero  concentration  were  obtained  in  the  cases  of 
silver  nitrate,  barium  nitrate,  and  potassium  sulphate,  at  100**  and  above, 

by  graphic  extrapolation  upon  plots  of  the  function  —  = \- K(C\)^ 

A       Aq 

At  the  higher  temperatures  the  results  are  doubtless  much  in  error  owing 
to  the  large  extrapolation  involved,  but  they  are  the  best  obtainable  from 
the  data.  At  18**  we  have  inserted  for  zero  concentration  the  values  cal- 
culated from  Kohlrausch's  conductance  values  for  the  separate  ions  of  the 
potassium  sulphate,  barium  nitrate,  and  magnesium  sulphate.  In  the  case 
of  magnesium  sulphate  at  the  higher  temperatures,  the  method  employed 
for  the  other  salts  was  inapplicable  owing  to  the  large  hydrolysis,  and 
there  are  at  present  no  independent  data  upon  which  a  fully  satisfactory 
determination  of  its  Aq  value  can  be  based.  But,  in  order  to  give  some 
idea  of  the  relation  of  its  conductivity  at  the  various  concentrations  to 
that  of  the  completely  ionized  salt,  we  have  assumed  that,  at  100"*  and 
above,  magnesium  and  barium  ions  have  the  same  equivalent  conductance 
and  have  computed  rough  A^  values  by  the  relation  Ao(Mgso4)=Ao(BaN206)+ 
Ao(K2804)  —  Ao(Kci).  The  assumption  that  chloride-ion  and  nitrate-ion 
have  the  same  equivalent  conductance  is  also  involved;  but  this  assump- 
tion is  doubtless  substantially  correct.  The  so-computed  A^  values  for 
magnesium  sulphate  are  given  within  parentheses  in  the  table. 
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Tablb  22. — Final  values  of  the  equivalent  conductance. 


Svteuacc. 

Concen- 
tradoD. 

18». 

itxP. 

istf>. 

218®. 

281**. 

306°. 

AgNO, 

0 

115.8 

367 

570 

780 

965 

1065 

2.0 

112.2 

353 

539 

727 

877 

935 

10.0 

108.0 

337 

507 

673 

790 

818 

12.5 

107.2 

334.5 

20.0 

105.1 

325.5 

487.5 

639 

25.0 

104.0 

322.5 

40.0 

101.3 

311.5 

462.0 

599 

680 

680 

50.0 

99.9 

307.5 

80.0 

96.5 

294.0 

432.0 

552 

614 

604 

100.0 

94.6 

289.0 

••*... 

Kf  0O4   •  •  •  • 

0 

132.8 

455 

715 

1065 

1460 

1725 

2.0 

124.8 

401.5 

605 

806 

893 

867 

10.0 

115.7 

365.0 

537 

672 

687 

637 

12.5 

114.1 

358.0 

40.0 

104.2 

320.0 

455.0 

545 

519 

466.0 

50.0 

102.0 

312.0 

80.0 

97.2 

294.5 

415.0 

482.6 

448.0 

395.5 

100.0 

95.0 

286.0 

Ba(NO,),  . 

0 

116.9 

385 

600 

840 

1120 

1300 

2.0 

109.7 

352.0 

536 

715 

828 

824 

10.0 

101.0 

322.0 

481 

618 

658 

615 

12.5 

99.4 

316.0 

40.0 

88.7 

280.0 

412 

507 

503 

448 

50.0 

86.8 

273.5 

80.0 

81.6 

257.5 

372 

449 

430 

100.0 

79.1 

249.0 

MgS04 

0 

114.1 

(426) 

(690) 

(1080) 

2.0 

94.3 

302 

377 

260 

10.0 

76.1 

223.5 

241.0 

143 

12.5 

73.9 

212.5 

225.0 

20.0 

67.5 

190.0 

195.0 

110.5 

25.0 

64.8 

179.0 

180.0 

40.0 

59.3 

160.0 

158.0 

88.5 

50.0 

56.8 

151.5 

149.0 

80.0 

52.0 

136.0 

133.0 

75.2 

100.0 

49.8 

129.5 

126.0 

160.0 

45.3 

116.5 

114.8 

62.4 

200.0 

43.1 

110.5 

109.1 

320.0 

39.2 

100.6 

98.7 

It  is  of  interest  to  compare  our  results  at  18"*  with  those  previously 
obtained  by  Kohlrausch  and  Steinwehr'*',  Kohlrausch  and  Grtineisen^f  and 
(for  magnesium  sulphate)  by  Foster. j:  All  these  data  at  corresponding 
concentrations  have  been  brought  together  in  table  23.  It  will  be  seen  that 
the  results  agree  within  0.2  per  cent  in  nearly  all  cases,  and  within  0.4  per 
cent  without  exception.  Measurements  have  been  made  at  95"*  in  a  glass 
apparatus  by  Kahlenberg§  with  silver  nitrate  and  magnesium  sulphate. 

^Kohlrausch  und  Steinwdir,  Sitzungsber.  preuss.  Akad.,  1902,  581. 
I'Kohlrauscfa  und  Gruneisen,  Sitzungsber.  preuss.  Akad.,  1904,  1215. 
tW.  Foster,  Phys.  Rev.,  8,  267  (1899). 
IKahlcoberg,  J.  Phys.  Chem.,  6,  349  (1901). 
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We  have  reduced  his  results  to  100*  by  means  of  our  temperature-coeffi- 
cients at  that  temperature,  and  have  given  them  beside  our  own  in  the 
table.  It  will  be  seen  that  the  results  with  silver  nitrate  are  widely  diver- 
gent at  all  concentrations,  and  that  those  with  magnesium  sulphate  are 
somewhat  so  except  at  the  higher  concentrations,  indicating  the  difficulty 
of  getting  reliable  results  at  such  high  temperatures  in  glass  vessels. 

Table  23. — Comparison  of  the  conductivity  results  of  different  investigators. 


Temper- 
atvre. 


Concen- 
trition. 


Silrer  nitrate. 


Noyei  and 
Mclcher. 


Kohl- 

ranich 

and  Stein- 

wehr.* 


Bariam  nitrate. 


Nojrea  and 
Melcher. 


Kohl- 

raaach 

and  Grfin- 

eisen.f 


Pocaaainm  inlphate. 


Nof  ea  and 

Melcher. 


Kohl- 

ranich 

and  Grin- 

eiacn.t 


Maineaiiiai  aalphnte. 


Noyes 
and 

Melcher 


Kohl- 

raaich 

&  Grftn- 

elaen.t 


Foatert. 


18 


2.0 

10.0 

20.0 

50.0 

100.0 


112.2 
108.0 


99.9 
94.6 


112.1 
107.8 


109.7 
101.0 


99.5 
94.3 


86.8 
79.1 


109.5 
101.0 


124.8 
115.7 


124.6 
115.8 


86.8 
78.9 


102.0 
95.0 


101.9 
94.9 


94.3 
76.1 
67.5 
56.8 
49.8 


94.1 
76.2 
67.7 
56.9 
49.7 


93.8 
76.1 

•   •  •  a 

56.6 
49.5 


Teaperatare. 


100 


Concentration. 


2.0 

10.0 

40.0 

80.0 

100.0 


silver  nitrate. 


Nojrea  and 
Mclcher. 


353 
337 
312 
294 
289 


Kahlenberg.i 


335 
311 
282 
259 
257 


MagDednm  inlphate. 


Nof  cs  and 
Melcher. 


302 
224 
160 
136 
130 


Kahlenbcrf.i 


305 
221 
163 
136 
130 


*Kohlrausch  und  Steinwehr,  Sitzungsber.  preuss.  Akad.,   1902,   681. 
tKohlrausch  und  Steinwehr,  Sitzungsber.  preuss.  Akad.,  1904,  1216. 
JW.   Foster,   Phys.   Rev^  8,   267    (1899). 
SKahlenberg.  J.  Fliys.  Chem.  6,  849,  (1901). 


42.    CHANGE  OF  THE  EQUIVALENT  CONDUCTANCE  WITH  THE 

CONCENTRATION. 

The  empirical  law  of  the  variation  of  the  conductance  of  silver  nitrate, 
potassium  sulphate,  and  barium  nitrate  with  the  concentration  is  shown  by 
table  24,  in  which  the  values  of  the  exponent  n  in  the  function 
C(Ao  — A)  =/iL(CA)"  are  tabulated. 


Table  24.— Values  of  the  exponent  n  in  the  function  C(Ao  —  A  =  A'(CA)«. 


Subiuncc. 

18». 

100°. 

156°. 

218°. 

281°. 

306°. 

AgNO, 

K,S04 

Ba(NO,). 

MgS04 

1.53 
1.42 
1.50 
1.43 

1.52 
1.42 
1.50 

.... 

1.50 
1.42 
1.50 

.... 

1.50 
1.42 
1.50 

.... 

1.52 
1.42 
1.50 

.... 

1.52 
1.42 
1.50 

•  •  •  • 
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It  was  shown  in  table  11,  section  17,  Part  II,  that  the  value  of  n  for 
sodium  and  potassium  chlorides  lies  between  1.40  and  1.50  at  all  tempera- 
tures, and  it  will  be  seen  from  this  table  that  the  same  is  true  also  for  the 
tri-ionic  salts,  potassium  sulphate  and  barium  nitrate.  This  striking  fact, 
which  is  in  utter  contrast  with  the  requirements  of  the  mass-action  law, 
according  to  which  the  exponent  should  have  the  very  different  values  2 
and  3  for  these  different  t3rpes  of  salts  does  not  seem  to  have  been  suffi- 
ciently considered  in  the  discussion  of  the  possible  causes  of  the  devia- 
tions. It  is  worthy  of  note  also  that  the  exponent  has  about  the  same  value 
for  the  uni-univalent  salt  silver  nitrate,  which  is  very  different  chemically 
from  the  alkali-element  chlorides,  and  that  this  is  also  true  even  for  the 
bibivalent  di-ionic  salt  magnesium  sulphate  at  18"".  For  the  last  salt  we 
have  not  calculated  the  exponent  at  higher  temperatures,  owing  to  the 
large  hydrolysis  which  doubtless  exists. 

Attention  may  also  be  called  to  the  constancy  throughout  the  whole 
range  of  temperature  of  the  exponent  n  for  each  individual  salt.  This 
seems  to  indicate  that  even  at  the  highest  temperature  the  hydrolysis  has 
not  in  any  case  become  considerable.  It  should  be  mentioned,  however, 
that  in  the  case  of  potassium  sulphate  it  was  not  possible  to  determine  the 
value  of  the  exponent  nearer  than  0.05  unit,  owing  to  the  fact  that  this 
salt,  unlike  the  others,  does  not  seem  to  conform  completely  to  any  expo- 
nential function  of  the  type  in  question. 

43.    CHANGE  OF  THE  EQUIVALENT  CX>NDUCTANCE  WITH  THE 

TEMPERATURE. 

The  effect  of  temperature  on  the  equivalent  conductance  values  at  zero 
concentration  (the  A^  values)  will  be  mainly  considered  in  this  section. 
Attention  may  first  be  called  to  the  ratios  given  in  table  25  of  the  Ao  values 
for  silver  nitrate,  potassium  sulphate,  and  barium  nitrate  to  those  for 
potassium  chloride. 

Table  25. — Ratio  of  At  values  to  those  for  potassium  chloride. 


Sabftance. 

18». 

lOCP. 

156^. 

218®. 

281®. 

306®. 

AirNO. 

0.89 
1.02 
0.90 

0.89 
1.10 
0.93 

0.91 
1.14 
0.96 

0.95 
1.29 
1.02 

0.96 
1.45 
1.11 

0.95 
1.54 
1.16 

^XK^^V^S**  ********** 

KVflO^  

B»(NO,), 

It  will  be  seen  that  with  rising  temperature  the  conductance  of  silver 
nitrate,  like  that  of  sodium  chloride  (see  section  18,  Part  II),  approaches 
the  conductance  of  potassium  chloride,  thus  furnishing  another  exempli- 
fication of  the  principle  that  the  ratio  of  the  specific  velocities  of  the  vari- 
ous ions  approaches  unity  with  rising  temperature. 
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In  the  cases  of  the  two  tri-ionic  salts  the  apparently  abnormal  phenom- 
enon is  observed  that  their  equivalent  conductance,  though  about  equal  to 
or  less  than  that  of  potassium  chloride  at  IS"",  becomes  much  larger  than  it 
at  the  higher  temperatures.  The  very  large  values  of  the  ratios  at  281*  and 
306*,  especially  for  potassium  sulphate,  can  not  be  caused  by  hydrolysis ; 
for  this  would  have  an  opposite  effect,  owing  to  the  smaller  equivalent 
conductance  of  the  univalent  ions  thereby  produced  (for  example,  of  the 
OH-  +  HS04~  ioJ^s  which  would  replace  the  SO*"  ion)  :  and  at  the  lower 
temperatures  (218*  and  below)  appreciable  hydrolysis  does  not  exist,  since 
the  acids  and  bases  involved  have  been  shown  by  the  measurements  of 
Noyes  and  Eastman  (section  97,  Part  VIII)  to  be  too  much  ionized  to 
admit  of  it.  The  real  peculiarity  in  the  results  does  not,  however,  con- 
sist in  the  large  value  of  the  ratio  at  the  higher  temperatures,  but  rather 
in  the  approximation  of  it  to  unity  at  the  lower  ones;  for,  since  a 
bivalent  ion,  like  Ba**  or  SO4"  ,  is  in  the  same  electric  field,  owing  to 
its  double  charge,  acted  on  by  twice  as  large  a  force  as  a  univalent  ion, 
it  would,  provided  it  met  with  the  same  resistance,  move  with  twice  the 
velocity,  and  therefore  have  twice  the  equivalent  conductance.  The  equiv- 
alent conductance  of  a  completely  ionized  uni-bivalent  salt  would  therefore 
approach  1.5  times  that  of  a  uni-univalent  salt  if  the  specific  velocities  of 
the  various  ions  (that  is,  the  velocities  under  unit  electric  force) 
approached  equality.  An  approximation  to  this  limiting  value  seems  to  be 
indicated  in  the  case  of  potassium  sulphate,  and  a  change  in  the  same 
direction  is  clearly  shown  by  barium  nitrate.  That  the  equivalent  conduct- 
ances of  the  bivalent  ions  are  so  small  at  ordinary  temperatures  signifies, 
of  course,  a  high  resistance  to  their  passage  through  the  solution.  This 
may  arise  from  their  being  much  hydrated;  and  the  large  increase  in 
velocity  with  rising  temperature  may  be  due  to  a  decrease  in  the  hydration. 

In  order  to  show  more  clearly  the  relation  between  equivalent  conduct- 
ance and  temperature  for  the  individual  substances,  we  have  calculated 
the  values  of  AAo/A^  for  the  successive  temperature  intervals,  and  tabu- 
lated them  in  table  26,  together  with  those  for  potassium  and  sodium 
chlorides  already  given  in  section  18,  Part  II. 


Table  26. — Temperature-coefficients  of  the  equivalent  conductance  at  zero 

concentration. 


Substance. 

18-100°. 

100-156°. 

156-218°. 

218-281° 

281-306°. 

KCl  

3.46 
3.09 
3.06 
3.93 
3.27 

3.77 
3.44 
3.62 
4.64 
3.84 

3.23 
3.31 
3.39 
5.64 
3.87 

2.86 
3.33 
2.94 
6.27 
4.44 

4.60 
4.40 
4.00 
10.6 
7.20 

NaCl  

AgNO 

K,S04 

Ba(NO,), 
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It  will  be  seen  that  silver  nitrate  has  temperature-coefficients  which  run 
parallel  to  those  for  potassium  and  sodium  chlorides,  and  which,  like  the 
lattef ,  pass  through  a  maximum  value  somewhere  in  the  neighborhood  of 
156°.  The  coefficients  of  potassium  sulphate  and  barium  nitrate,  on  the 
other  hand,  diflFer  greatly  from  each  other,  and  increase  continuously  with 
rising  temperature. 

With  reference  to  the  equivalent  conductance  values  at  the  higher  con- 
centrations, mention  need  be  made  only  of  the  fact  that  as  shown  in  table 
22,  those  for  80-milli-normal  solutions  have  a  maximtmi  value  at  281"*  in 
the  case  of  silver  nitrate,  at  218°  in  the  cases  of  potassium  sulphate  and 
barium  nitrate,  and  at  100°  in  that  of  magnesium  sulphate.  This  is,  of 
course,  due  to  a  compensation  of  the  effect  of  increasing  migration- velocity 
by  that  of  decreasing  ionization. 

44.    lONIZATlON-VALUES  AND  THEIR  CHANGE  WITH  THE 
CONCENTRATION  AND  TEMPERATURE. 

In  table  27  are  given  the  ratios  (multiplied  by  100)  of  the  conductances 
at  the  various  concentrations  to  that  at  zero  concentration  at  each  tempera- 
ture. These  ratios  are  at  least  an  approximate  measure  of  the  percentage 
ionization  of  the  substances,  in  those  cases  where  the  hydrolysis  is  not 
large  and  complex  or  intermediate  ions  are  not  formed,  and  provided  the 
conductances  at  zero  concentration  can  be  regarded  as  correct.  It  is  not 
probable  that  the  hydrolysis  is  large  enough  at  the  higher  concentrations 
to  seriously  vitiate  this  interpretation  of  the  results,  except  in  the  case  of 
magnesium  sulphate  at  100°  and  above.  No  definite  information  is  avail- 
able in  regard  to  the  existence  at  the  higher  temperatures  of  intermediate 
ions  like  KSO4"  ^ind  BaNO,* ;  but  the  facts  that  transference  determina- 
tions* have  shown  their  absence  in  any  considerable  quantity  at  ordinary 
temperatures  and  that  the  functional  relation  between  concentration  and 
conductivity  is  identical  at  all  temperatures  (as  was  shown  in  section  42) 
make  it  probable  that  such  ions  do  not  exist  in  large  quantity  at  the  higher 
temperatures.  Aside  from  these  uncertainties  in  the  interpretation  of  the 
conductivities  at  the  higher  concentrations,  there  is  the  possibility  of  con- 
siderable inaccuracy  in  some  of  the  values  adopted  for  zero  concentra- 
tion. This  possibility  exists  especially  in  the  case  of  magnesium  sul- 
phate at  100"*  and  above,  for  which  the  A^  values  were  derived  from  tliose 
for  potassium  sulphate  and  baritmi  nitrate  under  the  assumption  that  the 
magnesium  and  barium  ions  have  equal  migration-velocities.  It  may  also 
exist  to  some  extent  in  the  case  of  potassium  sulphate  and  barium  nitrate 

*See  Noyes,  Z.  phys.  Chem.,  S6,  79  (1901). 
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at  281*  and  306"*,  owing  to  the  possible  effect  of  hydrolysis.  The  ioniza- 
tion-values  for  magnesium  sulphate  at  100"*,  156*,  and  218*  are  therefore 
to  be  regarded  only  as  rough  estimates,  and  those  for  potassium  sulphate 
and  barium  nitrate  at  281*  and  306*  as  possibly  in  error  by  several  per  cent. 


Table  27. — The  conductance  ratio  (100  A/At)  and  approximate 

percentage  ioniiation. 


Sabftince. 

Concen- 
tritlon. 

18°. 

100°. 

156°. 

218°. 

281°. 

306°. 

Silver  nitrate 

0 

100.0 

100.0 

100.0 

100.0    1( 

M.O 

100.0 

2.0 

96.9 

96.2 

94.6 

93.2     \ 

90.9 

87.7 

10.0 

93.3 

91.8 

88.8 

86.3     1 

U.8 

76.8 

20.0 

90.8 

88.7 

85.5 

81.9 

•  • .  • 

.  • .  • 

40.0 

87.5 

84.9 

81.2 

76.8     ' 

ro.5 

63.8 

80.0 

83.3 

80.2 

75.8 

70.8     ( 

13.7 

56.7 

100.0 

81.7 

78.8 

.... 

. . .  • 

•  • . . 

.... 

Potassinm 

2.0 

94.0 

88.4 

85 

76         ( 

}1 

50 

sulphate 

10.0 

87.2 

80.3 

75 

63         ' 

17 

37 

40.0 

78.5 

70.3 

64 

51        : 

)6 

27 

80.0 

73.2 

64.8 

58 

45         \ 

il 

23 

100.0 

71.6 

62.3 

.... 

•  •  •  • 

1  •  •  • 

. .  •  • 

Barium  nitrate 

2.0 

93.8 

91.4 

89 

85         1 

r4 

63 

10.0 

86.7 

83.6 

80 

74         i 

S9 

47 

40.0 

76.2 

72.7 

69 

60         i 

15 

34 

80.0 

70.1 

66.9 

62 

53         i 

18 

100.0 

67.9 

64.7 

.... 

.  •  •  • 

Magnesium 

2.0 

82.6 

70.8 

55 

24 

sulphate 

10.0 

66.7 

52.4 

35 

13 

20.0 

59.2 

44.6 

28 

10 

40.0 

52.0 

37.5 

23 

8 

80.0 

45.5 

31.9 

19 

7 

100.0 

43.7 

30.4 

•  •  •  • 

•  •  •  • 

With  respect  to  the  change  of  ionization  with  the  concentration  at  any 
definite  temperature,  it  will  suffice  to  recall  that  the  functional  relation 
must  be  of  a  corresponding  form  to  that  between  equivalent  conductance 
and  concentration,  which  was  discussed  in  section  42,  and  again  to  empha- 
size the  remarkable  fact  that  the  exponent  in  that  function  has  nearly  the 
same  value  for  di-ionic  and  tri-ionic  salts,  and  a  value,  moreover,  which 
does  not  vary  markedly  with  the  temperature.  Thus  for  the  five  substances, 
potassium  chloride,  sodium  chloride,  silver  nitrate,  potassium  sulphate,  and 
barium  nitrate,  at  all  temperatures  between  18*  and  306*  inclusive,  the 
ionization  (y)  can  be  expressed  by  an  equation  C(l  —  y)  =  const.  X 
(Cy)",  in  which  n  has  values  varying  only  between  1.40  and  1.52. 

Assuming  that  the  conductance-ratio  may  be  regarded  as  at  least  an 
approximate  measure  of  the  ionization,  certain  conclusions  in  regard  to 
the  relation  of  the  latter  to  temperature  may  be  drawn  from  the  results  of 
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table  27  considered  in  connection  with  those  of  potassium  and  sodium 
chlorides  given  in  table  12  of  section  19,  Part  II.  To  make  these  more 
evident  we  have  brought  together  in  table  28  the  values  of  the  percentage 
ionization  as  given  by  the  ratio  lOOA/Ao  for  all  these  substances  at  a 
concentration  of  0.08  normal. 

Table  28. — Percentage  ionization  (1007)  at  0.08  normal 


SubttMce. 

18°. 

100°. 

156°. 

218°. 

281°. 

306°. 

NaCl 

85.7 
87.3 
83.3 
73.2 
70.1 
45.5 

83.2 
82.6 
80.2 
64.8 
66.9 
32 

81.2 

79.7 

75.8 

58 

62 

19 

77.7 
77.3 
70.8 
45 
53 
7 

70 
72 
64 
31 
38 

•  • 

63 
64 

57 
23 

(28) 

•  • 

KCl 

AgNO. 

e:«so« 

Ba(NO,), 

MgS04 

It  will  be  seen  from  this  table  that  the  ionization  of  the  three  di-ionic 
salts,  sodium  and  potassium  chlorides  and  silver  nitrate,  different  as  they 
are  chemically,  have  not  very  far  from  the  same  ionization  values  through- 
out the  whole  range  of  temperature.  The  same  is  true  of  the  two  tri- 
ionic  salts,  potassium  sulphate  and  barium  nitrate.  Thus  the  rule  already 
deduced  from  the  ionization  values  at  ordinary  temperatures  that  salts 
of  the  same  ionic  type  have  roughly  the  same  degree  of  ionization  also 
applies  at  high  temperatures. 

The  principle  that  the  ionization  of  salts  at  any  definite  concentration 
is  smaller,  the  greater  the  product  of  the  valences  of  the  constituent 
ions,  is  an  even  more  pronounced  one  at  the  higher  temperatures.  Thus 
at  218"*  the  ionization  of  the  uni-univalent  salts  in  0.08  normal  solution 
is  on  the  average  74  per  cent,  that  of  the  unibivalent  salts  about  60  per 
cent,  and  that  of  the  single  bibivalent  salt  investigated  only  7  per  cent. 

Most  striking  of  all  is  the  fact  that  the  still  more  definite  principle  that 
the  un-ionized  fraction  is  directly  proportional  to  the  product  of  the 
valences  of  the  ions'*'  still  holds  true  approximately  when  that  fraction  has 
become  very  large  as  it  has  at  the  higher  temperatures.  Table  29  shows 
under  A  the  mean  values  of  100(1  —  y)  at  0.04  molal  (and  for  the  uni- 
univalent  salts  at  0.08  molal),  and  under  B  the  ratios  of  these  values  to  the 
product  (nFa)  of  the  valences,  for  the  salts  of  the  three  types  included  in 
table  28. 


♦In  regard  to  this,  see  A.  A.  Noyes,  The  Physical  Properties  of  Aqueous  Salt 
Solutions  in  Relation  to  the  Ionic  Theory,  Congress  of  Arts  and  Science,  St.  Louis 
£3q;>08ition,  4,  320  (1904)  ;  Technology  Quarterly,  17,  303  (1904) ;  abstracted  in 
Z.  phys.  Chem.,  62,  634  (1905). 
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Table  2Q.—Un-ioHigtd  frattum  in  retation  to  valtnce-prodttet. 


".»'! 

xr' 

1B°. 

100°. 

15^. 

ii8°. 

m". 

3C«= 

A 

B 

A 

B 

17 

17 

A 

30 

B 

i. 
as 

1 

A 
31 

31 

Ixl 

0.04 

IS 

n 

1S 

IS 

ixl 

0.08 

1.1 

1H 

1K 

ai 

21 

2fl 

2H 

ai 

:ii 

3B 

39 

iia 

0.04 

HH 

14 

:h4 

IV 

40 

VJl 

hi 

?.■! 

rtS 

:iH 

74 

37 

2ZS 

0.04 

. 

14 

OS 

37 

81 

20 

U3 

23 

It  will  be  seen  that  the  principle  continues  to  hold,  especially  when  the 
comparison  is  made  at  the  same  equivalent  concentration,  even  when  the 
ionization  has  become  very  small ;  thus  it  is  only  26  per  cent  for  the  uni- 
bivalent  salts  at  306'  and  only  7  per  cent  for  the  bibivalent  salt  (magne- 
sium sulphate)  at  218°. 

In  correspondence  with  this  principle,  the  rate  of  decrease  of  ionization 
with  rising  temperature  for  the  individual  substances  is  greater  for  the 
unibivalent  than  for  the  uni-univalent  salts,  and  is  still  greater  for  the 
bibivalent  salt  magnesium  sulphate.  Moreover,  the  rate  of  decrease  of 
ionization  per  degree  increases  rapidly  with  rising  temperature,  especially 
above  100'.  The  following  values  of  ( —  10*Ay/A*),  which  represent  the 
absolute  decrease  in  percentage  ionization  produced  by  a  rise  in  tempera- 
ture of  10°,  illustrate  these  statements. 

Table  SO.~Temptrature-coeMeients  of  ionisalion  {— lO'A-y/At). 


Subllliicc. 

ia°-ioo°. 

lotF-ise'. 

Ii6°-!1B0. 

JlB^JSl", 

iSl'-Wi' 

0.30 
0.57 
0.38 
l.OS 
0.39 

0.36 
0.52 
0.79 
1.2 

0.9 

o.sa 

0.39 
0.81 
2.1 
1.5 

1.30 
0.86 
1.15 
2.2 
2,4 

2.6 
3.1 

2.8 
3.2 

^^^':::::;.-.v. 

Ba<NO.). 

«.    SUMMARY, 

In  this  article  have  been  presented  (in  table  23,  section  41)  values  for 
the  equivalent  conductance  of  silver  nitrate,  potassium  sulphate,  and 
barium  nitrate  at  six  different  temperatures  lying  between  18°  and  306' 
and  at  concentrations  between  O.OOS  and  0.08  or  0.1  normal.  Similar  values 
are  given  for  magnesium  sulphate  up  to  still  higher  concentrations  for 
four  different  temperatures  extending  up  to  218°.  From  these  by  graphic 
extrapolation  have  been  derived  equivalent  conductance  values  for  zero 
concentration,  which  are  proportional  to  the  migration-velocities  of  the 
constituent  ions.  The  ratios  of  the  conductance  at  the  various  concen- 
trations to  that  at  zero  concentration,  which  ratios  represent  approximately 
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the  degree  of  ionization,  have  been  calculated  (see  table  27,  section  44). 
Specific  volume  data  for  the  more  concentrated  solutions  have  also  been 
presented  (in  table  18,  section  38). 
A  study  of  these  data  has  led  to  the  following  conclusions : 

(1)  At  all  temperatures  the  equivalent  conductance  (A)  and  ioniza- 
tion (y)  of  the  two  tri-ionic  salts,  potassium  sulphate  and  barium  nitrate, 
vary  with  the  concentration  according  to  approximately  the  same  law 
as  do  those  of  silver  nitrate  and  of  the  other  two  di-ionic  salts,  potas- 
sium and  sodium  chlorides,  previously  investigated.  For,  in  the  case 
of  all  these  iSve  salts,  in  order  that  functional  relations  of  the  form 
C(Ao  —  A)  =  const.  X(CA)*  or  C(l  —  y)=  const  X(Cy)*  may  express 
the  results,  values  varying  only  between  1.40  and  1.62  must  be  assigned  to 
the  exponent  n,  while  according  to  the  mass  action  law  its  value  should 
be  2  for  di-ionic  and  3  for  tri-ionic  salts. 

(2)  The  principle  that  the  relative  velocities  of  diflFerent  ions  acted 
upon  by  the  same  electric  force  approach  equality  with  rising  temperature 
is  strikingly  exemplified  in  the  case  of  the  bivalent  SO4"*  and  Ba**  ions. 
Since  bivalent  ions  owing  to  their  double  charge  are  acted  upon  by  twice 
the  electric  force  when  in  the  same  electric  field,  their  equivalent  con- 
ductance would  become  twice  as  great  as  that  of  univalent  ions  when 
the  resistance  to  their  motion  through  the  solution  was  the  same;  and 
in  this  case  the  equivalent  conductance  of  a  completely  ionized  salt  con- 
sisting of  a  univalent  and  a  bivalent  ion  would  become  1.5  times  that  of 
a  uni-univalent  salt  Now,  our  results  show  that  at  18**  the  salts  potas- 
sium suphate  and  barium  nitrate  have  equivalent  conductances  at  zero 
concentration  which  are  1.02  and  0.90  times  respectively  that  of  potas- 
sium chloride^  but  that  at  306"*  the  corresponding  ratios  are  1.54  and  1.16. 

(3)  The  ionization  values  at  all  temperatures  for  silver  nitrate  agree 
within  a  few  per  cent  with  those  previously  derived  (in  Part  II)  for 
sodium  and  potassium  chlorides;  and  the  values  for  potassium  sulphate 
and  barium  nitrate  also  agree  with  each  other  within  a  few  per  cent; 
thus  confirming  at  high  temperatures  and  for  relatively  small  ionization  the 
rule  that  most  salts  of  the  same  ionic  type  have  roughly  the  same  degree 
of  ionization. 

(4)  The  ionization  of  all  the  salts  investigated  decreases  steadily  with 
rising  temperature,  the  decrease  being  more  rapid  the  higher  the  tem- 
perature and  the  greater  the  valences  of  the  ions  of  the  salt.  Even  where 
the  ionization  has  become  small,  as  it  has  at  the  higher  temperatures,  the 
simple  principle  still  holds  true  approximately  that  the  fraction  of  the 
salt  un-ionized  is  proportional  to  the  product  of  the  valences  of  its  ions. 
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Part  V. 

CONDUCTIVITY  AND  IONIZATION  OF  HYDROCHLORIC  ACID,  ACETIC 
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46.     OUTUNE  OF  THE  INVESTIGATION, 

In  Parts  II  and  III  of  this  publication  an  apparatus  and  method  have 
been  described  by  which  accurate  measurements  of  the  electrical  conduct- 
ance of  aqueous  solutions  can  be  extended  up  to  306**  or  higher.  This 
has  made  it  possible  to  investigate  at  high  temperatures  such  other 
physical  properties  and  chemical  reactions,  as  can  be  studied  with  the 
help  of  conductivity  measurements.  One  of  the  most  interesting  of  these 
is  the  phenomenon  of  the  hydrolysis  of  salts  into  free  acid  and  base  —  a 
phenomenon  which  is  dependent  in  large  measure  on  the  degree  of  ioniza- 
tion of  water  itself,  and  from  which,  when  supplemented  by  determina- 
tions of  the  ionization  of  the  acid  and  base  involved,  this  important  quan- 
tity can  be  computed.  Owing  to  the  fact  that  the  ionization  of  water  in- 
creases very  rapidly  with  rising  temperature  while  the  ionization  of  most 
weak  acids  and  bases  decreases,  the  hydrolysis  of  salts  plays  at  high 
temperatures  a  much  more  prominent  part  than  at  ordinary  ones  and  its 
effect  must  be  taken  into  consideration  even  in  the  case  of  salts  which 
at  the  ordinary  temperature  are  not  appreciably  hydrolyzed.  We  have 
therefore  undertaken  an  investigation  in  this  direction. 

The  method  employed  for  determining  the  hydrolysis  is  in  principle 
that  described  first  by  Walker,*  and  later,  in  much  more  exact  form  by 
Bredig.f  It  consists  in  measuring  the  decrease  of  conductivity  produced 
by  adding  to  the  salt  solution,  in  which  the  salt  is  partially  hydrolyzed,  a 
sufficient  quantity  of  the  slightly  ionized  acid  (or  base)  to  reduce  the 
degree  of  hydrolysis  substantially  to  zero  and  in  computing  from  this 
decrease  and  the  previously  determined  difference  in  the  mobility  of  the 
hydroxyl  (or  hydrogen)  ion  and  the  anion  (or  cathion)  of  the  salt  the 
fraction  of  the  salt  hydrolyzed.  Thus,  in  the  case  of  sodium  acetate,  the 
conductivity  of  this  salt  in  its  ordinary  condition  was  first  measured ;  then 
that  of  a  solution  of  the  salt  of  the  same  concentration  containing  also  a 
considerable  proportion  of  free  acetic  acid  (which  was  varied  in  different 
experiments)  was  determined.  The  observed  difference  (after  applying 
a  small  correction  for  the  conductivity  of  the  added  acid  in  the  presence 

*Ztschr.  phys.  Chem.,  4,  333  (1839).      fZtschr.  phys.  Chem.,  13,  214,  321  (1894). 

115 


ii6  Conductivity  of  Aqueous  Solutions. — Part  V. 

of  its  neutral  salt)  evidently  corresponds  to  the  difference  between  the 
conductivity  of  the  sodium  hydroxide  that  exists  free  in  the  original  solu- 
tion and  that  of  an  equivalent  quantity  of  sodium  acetate.  From  the  so- 
derived  degree  of  hydrolysis  and  the  ionization-constant  of  the  acetic 
acid,  the  ionization-constant  of  water  itself  can  be  calculated  with  the 
help  of  the  mass-action  law,  as  has  been  shown  by  Arrhenius.* 

The  determination  of  the  hydrolysis  of  the  single  salt,  sodium  acetate, 
and  the  calculation  from  it  of  the  ionization  of  water  at  any  temperature 
involves,  therefore,  conductivity  measurements  of  solutions  at  various 
concentrations  of  the  following  substances:  (1)  sodium  acetate  alone; 
(2)  sodium  acetate  mixed  with  acetic  acid  (preferably  in  varying  pro- 
portions);  (3)  acetic  acid;  (4)  hydrochloric  acid;  (5)  soditmi  chloride 
in  very  dilute  solution  (the  last  two  being  necessary  in  order  to  compute 
the  conductivity  of  completely  ionized  acetic  add  according  to  the  rela- 
tion Ao(HAc)  =  Ao(NaAc) +-A.o(Hci)  —  A^(NaCi);  and  (6)  sodium  hydroxide 
in  dilute  solution.  These  measurements,  except  those  with  sodium  hy- 
droxide, have  been  made  at  a  series  of  four  temperatures,  18*,  100*,  166*, 
and  218*,  by  one  of  us  (  H.  C.  Cooper  ),  those  with  sodium  chloride  at 
218*  being,  in  part,  however,  a  repetition  of  the  earlier  ones  of  Noyes  and 
Coolidge.  Measurements  with  sodium  hydroxide  at  the  same  tempera- 
tures have  been  made  in  this  laboratory  by  Mr.  Yogoro  Kato ;  and  these 
will  be  described  in  Part  VI.  All  the  data  necessary  for  the  calculations 
are  therefore  available. 

Since  the  measurements  with  hydrochloric  acid  and  acetic  acid  are  the 
first  ones  made  with  acids  at  high  temperatures,  and  since  those  with 
sodium  acetate  make  possible  a  comparison  of  the  behavior  of  this  or- 
ganic salt  with  that  of  the  inorganic  salts  previously  investigated,  the  re- 
sults have  a  considerable  interest  of  their  own;  and  a  large  part  of  this 
article  is  devoted  to  the  presentation  and  discussion  of  them. 

Before  considering  these  results,  however,  the  apparatus  and  method 
used  for  the  conductivity  measurements  and  the  preparation  and  stand- 
ardization of  the  solutions  must  be  described ;  and  to  this  description  the 
next  two  sections  will  be  devoted. 

47.  APPARATUS  AND  METHOD  OF  PROCEDURE. 

The  apparatus  used  was  substantially  the  same  as  that  employed  in  the 
previous  investigation  of  Noyes  and  Coolidge.  (See  Part  II.)  Only 
the  small  modifications  made  in  it  will  be  here  described  in  detail. 

THE  CONDUCTIVITY  CELL^  OR  BOMB. 

The  bomb  itself  was  the  same  one  that  was  used  by  these  investigators. 
It  was  used  without  any  modification  in  the  first  experiments.    Somewhat 


♦Ztschr.  phys.  Cheni.,  5,  17  (1890). 
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later,  in  attempting  to  make  measurements  with  dilute  sodium  acetate  and 
hydrochloric  acid  at  218°,  difficulty  was  met  with  in  obtaining  constant 
readings,  apparently  owing  to  adsorption  by  the  lower  electrode.  The 
platinum-black  was  therefore  removed  from  it  (on  April  4,  1904)  by  rub- 
bing it  with  cotton  and  moist  pumice.  Later  (on  June  25, 1904),  in  order 
to  diminish  any  contaminating  influence  of  the  electrode  or  quartz  cup 
exerted  upon  the  small  quantity  of  liquid  within  the  cup,  the  cup  and  the  flat 
electrode  within  it  were  removed  and  replaced  by  a  cylindrical  electrode 
of  an  iridium-platinum  alloy  with  15  per  cent  iridium  and  an  insulating 
cylinder  of  quartz.*  This  electrode  was  9.7  mm.  high  and  7.2  mm.  in 
diameter. 

It  was  not  found  necessary  to  renew  any  of  the  parts  of  the  bomb 
throughout  the  course  of  the  work;  and  very  little  difficulty  was  experi- 
enced from  leaks,  which  occurred  only  a  few  times  and  were  then  easily 
remedied. 

THE  CONDUCTIVITY  MEASURING  APPARATUS. 

The  conductivity  was  measured  with  an  apparatus  of  the  roller  type 
described  by  Kohlrausch  and  Holbomf  and  furnished  by  Hartmann  and 
Braun.  The  resistance  coils  of  1,  10,  100,  1,000,  10,000  ohms  were  of 
manganine.  Heavy  copper  wire  leads  were  used  to  within  a  few  cm.  of  the 
slide  wire  and  the  heaters,  the  end  connections  being  made  of  heavy  flexi- 
ble leads  with  brass  connectors  joining  them  to  the  slide  wire  and  to  the 
leads  attached  to  the  bomb.  The  entire  lead  resistance  amounted  to  only 
0.02  ohm. 

The  slide-wire  was  calibrated  by  the  method  of  Strouhal  and  Barus, 
once  just  before  the  conductivity  work  was  begun  and  again  on  June  1, 
1904,  the  difference  in  the  two  cases,  as  well  as  the  maximum  error,  being 
very  slight.  The  corrections  were,  however,  applied  to  the  conductivity 
measurements.  The  resistance  coils  were  compared  with  standard  resist- 
ances, certified  by  the  Deutsche  phys.-technische  Reichsanstalt. 

INDUCTION  COILS. 

Two  induction  coils  were  used ;  at  first  a  small  one  of  the  ordinary  form 
was  en^loyed,  and  afterwards,  in  order  to  reduce  the  effect  of  ejection  of 
material  from  the  electrodes,  a  NemstJ  string  interrupter  was  used.  The 
quality  of  the  minimum  afforded  by  this  latter  interrupter  was  satisfactory 
even  with  bright  electrodes.  In  the  case  of  all  the  measurements  except 
those  with  sodium  chloride,  a  commutating  switch  was  introduced  between 
the  induction  coil  and  the  bridge,  and  the  mean  of  the  two  readings  taken. 

^Section  27,  Part  III.  tLeitvermogen  der  Elektrolyte,  1898,  p.  42,  %.  37. 

4:Kohlrattsch  and  Holborn,  Leitvermogen  der  Elektrolyte,  1898,  p.  29. 


ii8  Conductivity  of  Aqueous  Solutions. — Part  V. 

HEATERS. 

The  conductivity  measurements  were  made  at  18*  and  approxiinately 
100*,  156*,  and  218*.  The  first  of  these  temperatures  was  secured  with 
a  bath  of  liquid  xylene  contained  in  a  well- jacketed  metal  cylinder.  The 
temperature  was  regulated  by  the  observer,  the  bath  being  heated  elec- 
trically by  means  of  a  resistance  coil  and  cooled  by  a  coil  of  lead  pipe, 
through  which  cold  water  was  passed.  The  bath  was  constantly  stirred  by 
a  propeller.  The  temperature  could  be  maintained  constant  to  within 
0.01*. 

The  100*  heater  was  a  double-walled  copper  cylinder  heated  by  steam, 
similar  to  that  described  in  section  32,  Part  IV. 

The  156*  and  218*  baths  were  of  the  form  described  in  the  article  by 
Noyes  and  Coolidge.'*'  Brombenzene  and  naphthalene  were  used  as  boiling 
substances,  the  latter  substance  proving  very  satisfactory  throughout. 
The  temperature  of  the  brombenzene  bath  remained  constant  through  sev- 
eral successive  heatings,  but  in  time  a  slight  decomposition  necessitated 
the  substitution  of  fresh  liquid.  The  same  shielding  devices  for  securing 
uniform  temperature  were  employed  as  in  the  previous  work. 

THERMOMETERS. 

Three  different  thermometers  were  used  in  the  work  —  a  0-60*  ther- 
mometer, reading  directly  to  tenths,  for  the  18*  bath,  an  ordinary  Beck- 
mann  style  thermometer  for  the  100*  bath,  a  French  mercurial  360* 
thermometer  made  by  Alvergniat,  No.  65650,  for  the  two  vapor  baths. 
The  18*  point  of  the  first  thermometer  was  determined  by  comparison  with 
a  standard  Baudin  thermometer.  The  steam  point  of  the  Beckmann  ther- 
mometer was  determined  each  time  by  introducing  the  thermometer  into  a 
boiling-point  testing  apparatus  of  the  Regnault  type  immediately  before  or 
after  each  100*  measurement.  The  Alvergniat  360*  thermometer  was 
similarly  calibrated  for  the  218*  point  at  frequent  intervals  by  inunersion 
in  a  vapor  bath  of  specially  purified  naphthalene  of  the  type  recommended 
by  Crafts.f  For  the  156*  point  the  bore  was  calibrated  by  the  method  rec- 
ommended by  Crafts  and  the  value  of  the  scale  unit  was  determined  from 
the  interval  between  the  steam  and  naphthalene  points.  The  temperatures 
l)dng  between  the  fixed  points  were  reduced  to  the  gas  scale  by  using 
Crafts*  table  of  corrections  for  French  glass,  our  thermometer  being  of  the 
same  make  as  those  used  by  him.  For  the  boiling  point  of  naphthalene, 
however,  the  result  more  recently  obtained  by  Jaquerod  and  WassmerJ 
was  adopted. 

♦Section  3,  Part  II. 
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METHOD  OF  PROCEDURE. 

The  procedure  was  substantially  the  same  as  that  described  by  Noyes 
and  Coolidge.*  In  the  case  of  solutions  which  were  liable  to  adsorption 
by  the  platinum,  this  effect  was  largely  avoided  by  allowing  the  solution 
to  remain  in  the  bomb  between  the  experiments  (usually  over  night)  and 
rinsing  the  bomb  with  solution  only  before  introducing  a  fresh  portion 
for  a  new  experiment.  In  passing  to  a  diluter  solution,  the  bomb  was  first 
steamed  out  at  218*  with  the  diluter  solution  instead  of  with  water. 

In  the  experiments  with  a  platinized  lower  electrode,  the  air  pressure 
within  the  bomb  was  reduced  at  the  start  to  2  cm.  of  mercury.  In  sub- 
sequent experiments  with  unplatinized  electrodes,  the  measurement  at  18' 
was  made  under  atmospheric  pressure  and  then  the  pressure  was  reduced 
to  about  10  cm.  of  mercury  before  going  on  to  the  higher  temperatures. 

For  each  measurement  of  resistance,  three  different  box  resistances 
were  used,  generally  in  the  order  100,  110,  111.  These  series  of  read- 
ings were  made  at  5-minute  intervals,  and  the  bomb  was  kept  in  the  bath 
until  three  or  more  successive  series  of  readings  showed  no  progressive 
change. 

In  the  case  of  all  the  solutions  which  showed  any  variation  in  the  read- 
ing, the  bomb  was  removed  from  the  bath,  shaken,  and  returned  as  quickly 
as  possible,  in  order  to  determine  whether  there  was  any  change  in  the 
solution  around  the  electrode. 

48.    PREPARATION  OF  THE  SUBSTANCES  AND  SOLUTIONS. 

For  the  preparation  of  sodium  chloride,  pure  commercial  salt  was  twice 
reprecipitated  from  saturated  solution  with  hydrochloric  acid,  filtered, 
washed,  and  ignited.  Tests  for  potassium  and  for  sulphate  gave  negative 
results.  For  potassium  chloride,  a  Kahlbaum  preparation  was  purified  by 
reprecipitation  from  saturated  solution  in  best  water  by  pure  hydrochloric 
acid  and  subsequent  washing  and  ignition.  A  flame  test  showed  no  so- 
dium. 

The  potassium  chloride  and  sodium  chloride  solutions,  except  the  0.0005 
normal  sodium  chloride  solution,  were  prepared  by  weighing  out  a  proper 
quantity  of  freshly  ignited  salt  (corrected  for  the  buoyancy  of  the  air) 
and  dissolving  it  in  water  in  a  graduated  2,000  or  500  c.cm.  flask  at  21'', 
the  flask  being  so  calibrated  as  to  contain  2,000  or  500  grams  of  water  at 
that  temperature.  The  0.0005  normal  sodium  chloride  solution  was  made 
by  diluting  a  0.002  normal  solution  by  means  of  a  500  c.cm.  and  a  2,000 
c.cm.  flask. 

Hydrochloric  acid  was  prepared  by  heating  sodium  chloride  of  the  same 

♦Section  6,  Part  II. 
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quality  as  was  used  for  preparing  the  sodium  chloride  solutions  with  sul- 
phuric acid  and  absorbing  the  hydrochloric  acid  gas  in  pure  water,  after 
washing  it  by  passing  it  through  a  bottle  containing  a  little  water.  With 
the  help  of  a  specific  gravity  determination,  two  liters  of  approximately  0.1 
normal  hydrochloric  acid  were  prepared  (January  9,  1904)  by  dilution 
with  pure  water.  The  concentration  of  this  0.1  normal  hydrochloric  acid 
solution  was  determined  by  precipitating  with  silver  nitrate  and  taking 
the  mean  of  three  analyses.  One  gram  of  solution  was  found  to  give 
0.014519  gni.  AgCl  (a.  d,*  0.07  per  cent).  Some  of  the  measurements 
(with  tenth  normal  HCl)  were  made  with  a  solution  diluted  from  a  hydro- 
chloric acid  solution  carefully  and  independently  prepared  by  Mr.  Y.  Kato. 
One  gram  of  this  latter  solution  gave  0.019676  gm.  AgQ  (a.  d.,  0.03  per 
cent). 

For  the  preparation  of  pure  sodium  acetate,  about  500  grams  of  a  Kahl- 
baum  sample  were  crystallized  from  water,  after  the  salt  had  been  tested 
with  negative  results  for  potassium  and  the  common  acids.  The  salt  was 
partially  dried  with  filter  paper.  An  approximately  tenth-normal  solution 
was  prepared  (March  10,  1904)  and  analyzed  by  evaporating  it  with  hy- 
drochloric acid  in  a  platinum  dish,  and  gently  igniting  and  weighing  the 
residue  of  sodium  chloride.  One  gram  of  solution  gave  on  the  average, 
0.005732  gm.  NaCl  (a.  d.,  0.09  per  cent).  A  second  solution  was  similarly 
prepared  June  6,  1904,  and  analyzed  three  times,  twice  immediately  after 
its  preparation  and  again  on  August  1,  1904.  One  gram  of  solution  gave 
(1)  0.005588  gm.  (2)  0.005592  gm.  (3)  0.005601  gm.  NaCl  or  as  the  aver- 
age 0.005594  gm.  (a.  d.,  0.08  per  cent). 

For  acetic  acid  some  Kahlbaum  "Eisessig"  was  subjected  three  times 
to  fractional  freezing  in  a  specially  devised  apparatus,  care  being  taken  to 
exclude  moisture.  The  liquid  obtained  was  then  rectified  by  distillation, 
about  one-tenth  being  rejected.  From  the  purified  substance  an  approxi- 
mately tenth-normal  acetic  acid  was  prepared  (on  May  12,  1904).  Quali- 
tative tests  for  sulphate  and  chloride  gave  negative  results.  The  solution 
was  then  standardized  against  a  barium  hydroxide  solution  whose  strength 
was  determined  by  titration  against  two  solutions  of  hydrochloric  acid 
which  had  been  independently  standardized  by  precipitating  with  silver 
nitrate  and  weighing  the  silver  chloride.  Gne  gram  of  solution  was  found 
to  contain  0.006105  gm.  acetic  acid  (CgH^O,)  by  titration  with  one  of  the 
solutions  and  0.006097  gm.  by  titration  with  the  other,  or,  as  a  mean, 
0.006101  gm.  acetic  acid. 

The  more  dilute  solutions  of  hydrochloric  acid,  sodium  acetate  and  ace- 
tic acid  were  prepared  by  weighing  out  a  definite  amount  of  the  stock  solu- 

*a.  d.  signifies  the  average  deviation  of  the  separate  values  from  the  mean. 
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tion  and  either  diluting  to  the  mark  in  a  graduated  flask  or  adding  a 
known  weight  of  water. 

The  water  used  in  the  preparation  of  the  stock  solution  had  a  specific 
conductance  of  less  than  1.1  X  10"*.  That  used  for  preparing  the 
more  dilute  solutions  had  in  almost  all  cases  a  specific  conductance  of 
0.76  -  0.96  X  10-*. 

49.     SYSTEMATIC  ERRORS  AND  THEIR  EUMINATION. 

The  possible  errors  affecting  the  conductivity  values  and  their  elimina- 
tion or  correction  have  been  fully  discussed  in  section  10,  Part  II.  It  is 
therefore  necessary  only  to  refer  to  a  few  modifications  of  the  corrections 
applied  and  to  some  new  difficulties  met  with  in  the  experiments. 

VOLATILIZATION  OF  SOLVENT. 

The  correction  for  the  quantity  of  solvent  in  the  vapor-space  in  the 
bomb  was  applied  in  the  case  of  the  non-volatile  solutes  as  before,  it  being 
calculated  from  the  known  volume  of  the  vapor  in  the  bomb  and  its 
specific  volume  interpolated  or  extrapolated  from  the  data  of  Zeuner* 
which  extend  up  to  200*.  The  correction  requires  an  increase  of  the  con- 
centration of  0.01  per  cent  at  100°,  0.03  per  cent  at  156*,  and  0.02  per  cent 
at  218*  in  the  case  of  our  experiments.  Although  certainly  less  than  the 
other  errors  it  was  always  applied  at  156*  but  not  at  the  other  tempera- 
tures. 

VOLATILIZATION  OF  SOLUTE. 

In  the  case  of  the  acetic  and  hydrochloric  acid  solutions  the  correction 
for  the  vapor-space  should  also  take  into  account  the  possible  volatility 
of  these  solutes.  In  these  cases  the  total  correction  for  volatilized  solvent 
and  solute  was  experimentally  determined  at  218*  by  varying  the  quantity 
of  solution  placed  in  the  bomb  and  measuring  the  conductances.  From 
the  variations  of  these  with  the  known  variations  of  vapor-space  the  cor- 
rection for  the  vapor-space  existing  in  the  ordinary  measurements  could  be 
readily  calculated.  Thus,  for  three  different  volumes  of  a  0.01017  nor- 
mal acetic  acid  placed  in  the  bomb,  the  vapor-spaces  and  conductances  at 
218*  were  as  follows: 

Vapor-space   (cubic  centimeters) . .      1.5         11.1         25.4 
Specific  conductance  X  10* 447.3        447.8       448.5 

It  is  evident  that  since  24  ccm.  of  vapor-space  cause  an  increase  in  the 
conductance  of  0.27  per  cent,  that  produced  by  the  1.5  ccm.  usually  pres- 
ent would  be  about  0.02  per  cent,  which  is  the  magnitude  of  the  correction 

*Landolt-Bdmstetn-Meyerhoffer,  Tabellen,  p.  127  (1905). 
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for  the  solvent  alone,  indicating  that  this  solute  does  not  volatilize  appre- 
ciably.   The  same  result  was  obtained  with  hydrochloric  acid. 

CONDUCTANCE  OF  THE  WATER. 

A  correction  was  applied  in  the  case  of  the  two  salts  (but  not  in  that  of 
the  two  acids)  for  the  conductance  of  the  impurities  in  the  water.  This 
will  be  fully  described  in  section  51,  in  connection  with  the  data  upon 
which  it  is  based. 

INCONSTANT  BRIDGE  READINGS. 

No  special  trouble  was  encountered  in  the  sodium  chloride  measure- 
ments. It  was  observed,  however,  in  working  with  the  diluter  hydro- 
chloric acid  solutions  that  the  bridge  readings  at  18°,  and  to  a  less  extent 
at  other  temperatures,  shifted  rapidly  when  the  current  was  kept  on,  the 
displacement  being  generally  in  the  direction  of  increasing  ccmductivity. 
The  shifting  reached  a  limit  in  about  three  minutes,  but  on  discontinuing 
the  current  for  a  minute  or  two  the  reading  returned  to  approximately  its 
original  value.  It  was  considered  likely  that  this  was  due  to  the  ejection 
by  the  alternating  current  of  solute  which  had  been  adsorbed  by  the  lower 
electrode.  It  was  not  permissible  to  adopt  the  final  reading,  since  the  ef- 
fect of  ejection  would  be  to  concentrate  the  solution  within  the  cup ;  and 
the  initial  reading  could  not  be  accurately  determined.  It  was  found  that 
the  shifting  of  the  reading  was  greater,  the  louder  the  tone  of  the  induction 
coil.  A  Nemst  string  interrupter,  with  low  vibration  frequency,  was  there- 
fore substituted  for  the  ordinary  induction  coil.  The  total  shifting  with  the 
string  interrupter  was  much  less,  and  it  took  place  so  slowly  that  no  diffi- 
culty was  experienced  in  making  a  satisfactory  reading.  Except  at  the 
highest  resistances  measured  the  minimum  with  this  interrupter  was  very 
good. 

In  working  with  the  sodium  acetate  and  the  0.0005  normal  hydrochloric 
acid  solution  great  difficulty  was  experienced,  when  either  induction  coil 
was  employed,  in  securing  constant  readings  at  218°,  Cell  i  (see  section 
50)  being  then  in  use.  Even  after  sufficient  time  had  elapsed  for  the  bomb 
to  acquire  the  temperature  of  the  bath,  successive  readings  made  during  a 
half  hour  exhibited  an  irregular,  somewhat  oscillatory  shifting  through 
several  centimeters  on  the  bridge  in  the  direction  of  decreased  conduc- 
tivity. If  instead  of  reducing  the  pressure  in  the  air  space  originally  to  2 
cm.  of  mercury  as  had  been  the  practice,  the  air  was  allowed  to  remain  in 
the  bomb,  the  direction  of  shifting  was  reversed,  these  tests  being  made 
with  a  0.01  normal  sodium  acetate  solution.  It  was  not  possible  to  find 
an  intermediate  pressure  which  afforded  constant  readings.    The  effect  of 
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removing  and  shaking  the  bcmib  in  the  usual  manner  was  to  cause  partial 
reversion  towards  the  original  reading,  but  not  to  prevent  the  recurrence 
of  shifting.  To  see  whether  the  shifting  was  due  to  uneven  temperature 
some  experiments  were  made,  such  as  altering  the  level  of  the  vapor  in 
the  bath  and  the  manner  of  shielding,  but  with  negative  results.  The 
removal  of  the  platinum-black  from  the  electrode  almost  entirely  obviated 
this  trouble,  however,  for  the  subsequent  bridge-readings  with  sodium 
acetate  and  dilute  hydrochloric  acid  at  218**  were  constant  to  within  0.2  to 
0.3  mm.  for  a  sufficient  period.  The  pressure  was  reduced  to  2  cm.  pre- 
\4ous  to  these  measurements,  as  before.  The  change  in  reading  was  ap- 
parently due  either  to  formation  of  bubbles  on  the  electrode,  or  to  an  ad- 
sorption effect,  but  its  cause  could  not  be  fully  determined. 

The  use  of  a  polished  lower  electrode  (in  Cell  11)  gave  rise,  however, 
to  a  similar  difficulty  under  other  conditions,  namely,  to  a  shifting  of  the 
bridge-reading  in  the  direction  of  decreased  conductance  at  18°  and  to  a 
less  extent  at  higher  temperatures.  This  was  found  to  be  due  to  the 
formation  of  bubbles  and  was  obviated  at  18**  by  postponing  evacuation  of 
the  air  space  in  the  homh  till  after  the  measurement  at  that  temperature 
had  been  made.  As  a  similar  effect  was  observed  to  some  extent  at  lOO"" 
and  166*,  the  air  pressure  was  thereafter  reduced  only  to  about  12  cm. 
before  the  measurements  at  the  three  higher  temperatures.  The  subse- 
quent measurements  proceeded  satisfactorily,  the  same  method  being  fol- 
lowed also  after  the  introduction  of  the  cylindrical  electrode  (Cell  iii). 
The  air  pressure  that  obtains  in  the  bomb  at  218*,  for  the  usual  volume 
of  liquid,  after  a  reduction  of  the  pressure  to  12  cm.  at  18*,  is  only  about 
two  atmospheres,  which  does  not  affect  the  conductance  to  a  considerable 
extent. 

In  order  to  diminish  the  adsorption,  the  rinsing  of  the  bomb  with  water 
was  omitted  in  the  case  of  hydrochloric  acid,  acetic  acid,  and  sodium  ace- 
tate, and  a  portion  of  the  solution  to  be  measured  was  left  in  the  cell  for 
some  hours  previous  to  the  experiment,  in  order  to  thoroughly  saturate 
the  electrode,  a  new  portion  of  the  same  solution  being  introduced  just 
before  the  measurements  were  made. 

The  experiments  with  sodium  acetate  were  at  first  conducted  with  the 
quartz  cup  in  the  bomb.  The  readings  with  the  solutions  of  it  diluter  than 
tenth-normal  were  not  as  constant  as  with  other  solutes.  It  was  thought 
that  the  inconstancy  might  be  due  to  a  contamination  of  the  solution  by  its 
attacking  the  quartz  cup  and  a  consequent  concentration  of  the  solution 
within  the  cup.  This  difficulty  was  apparently  obviated  (cell  iii)  by  the  in- 
troduction of  the  new  form  of  electrode  and  quartz  insulator  as  described 
in  section  47. 
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INSTRUMENTAL  ERRORS. 

In  working  with  dilute  solutions  of  hydrochloric  acid  it  was  found  that 
commutating  the  current  from  the  secondary  coil  gave  a  difference  of 
reading  of  0.1  —  0.4  mm.  The  coil  was  tested  with  known  resistances 
and  found  to  show  an  asymmetric  reading  only  with  the  higher  resistancies, 
an  error  of  0.1  per  cent  or  more  being  involved  when  the  resistance  ex- 
ceeded 6,000  ohms.  This  error  was  corrected  for,  however,  by  taking 
double  conunutated  readings  in  all  such  cases  and  finding  the  mean.  It 
was  found  that  commutating  the  telephone  had  no  effect  even  with  the 
highest  resistances  used. 

In  the  measurement  of  very  high  resistances  (those  above  10,000  ohms) 
the  proximity  of  the  induction  coil  to  the  bridge  was  found  to  have  an 
influence  on  the  reading,  if  the  distance  was  less  than  40  cm.  Such  prox- 
imity was  therefore  avoided. 

50.     CXDNDUCTANCEUCAPACITY  OF  THE  APPARATUS. 

The  conductance-capacity  was  calculated  from  measurements  made  in 
the  bomb  at  IS""  of  the  conductance  of  various  known  solutions  of  potas- 
sium chloride  and  sodium  chloride  and  from  the  values  of  the  equivalent 
conductance  of  these  salts  as  given  by  Kohlrausch  and  Maltby.'*' 

In  the  course  of  the  work  three  different  values  of  the  conductance- 
capacity  were  used,  corresponding  to  the  changes  made  in  the  lower  elec- 
trode. In  all  the  measurements  made  prior  to  April  4,  1904,  the  bomb 
was  used  as  it  was  left  by  Noyes  and  Coolidge,  in  which  form  it  will  be 
designated  cell  i.  On  that  date  the  platinizing  was  mechanically  removed 
from  the  electrode,  which  caused  a  slight  change  in  the  capacity,  the  new 
value  of  which  (cell  ii)  was  used  in  connection  with  all  measurements  be- 
tween April  4,  and  June  25, 1904.  The  quartz  cup  was  then  removed  from 
the  bomb  and  a  cylindrical  electrode  substituted  for  the  flat  one.  The  new 
conductance  capacity  (cell  iii)  then  obtained  is  that  used  in  calculating  all 
the  measurements  made  subsequently  to  June  25,  1904. 

The  following  table  shows  the  actual  conductance  at  18**  of  the  solutions 
diminished  by  that  of  the  water,  and  the  conductance-capacities  calculated 
therefrom.  The  conductances  expressed  in  reciprocal  ohms  are  given  in 
the  table  multiplied  by  10'.  The  concentration  is  expressed  in  milli-equiv- 
alents  per  liter  at  18*.  The  conductance-capacity  is,  as  usual,  the  factor 
by  which  the  observed  conductance  must  be  multiplied  to  give  the  specific 
conductance.  Each  of  the  measurements  was  made  upon  separate,  freshly 
prepared  solutions. 

♦Wissensch.  Ahhandlungen  phys.-techn.  Reichsanstalt,  3, 210  (1900).    Sec  also  Lan- 
dolt-Bornstein-Meyerhoffer,  Tabellen,  p.  744  (1905). 
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Table  31. — Conductance-capacity, — Data  and  Anal  values. 


Date. 

Cell 
No. 

Salt. 

Concentra- 
tion at  18^. 

Conduct- 
ance X  10*. 

Condactance-capacity. 

Separate 
Talaei. 

Final  Talaei. 

1903 

Nov.     20 

I 

NaCl 

9.999 

1038.1 

0.9819 

1904 

Jan.     20 

NaCl — 

9.995 

1039.9 

0.9799 

Jan.     21 

NaCl 

100.52 

9440 

0.9800 

Jan.     22 

KCl 

99.77 

11400 

0.9804 

Jan.     22 

NaCl 

99.86 

9361 

0.9816 

0.9808 

June    11 

II 

KCl 

9.990 

1242.7 

0.9842 

June    11 

KCl 

49.95 

5865 

0.9858 

June    11 

NaCl 

9.992 

1034.0 

0.9851 

0.9850 

June    29 

III 

NaCl 

9.993 

6856 

0.14860 

June    29 

KCl 

9.990 

8233 

0.14856 

July     12 

KCl 

4.996 

4194 

0.14820 

July     12 

KCl 

5.002 

4197 

0.14827 

July     12 

KCl 

9.999 

8246 

0.14845 

0.14842 

The  variation  of  these  values  of  the  conductance-capacity  with  the  tem- 
perature was  computed  upon  the  basis  and  in  the  manner  described  in  sec- 
tion 36,  Part  IV.  The  percentage  corrections  to  be  applied  to  them  at  the 
various  temperatures  are  as  follows : 


100® 

Cells  I  and  n —  0.14 

Cell  m —0.10 


51.    THE    WATER   CORRECTION. 


156° 

218° 

—  0.25 

—  0.39 

—  0.18 

—  0.26 

CONDUCTANCE  OF  THE  WATER. 

In  order  to  determine  the  conductance  of  the  impurities  in  the  water 
under  the  conditions  of  the  experiments,  water  having  about  the  same  con- 
ductance as  that  used  in  making  up  the  solutions  was  placed  in  the  bomb, 
which  had  been  previously  twice  heated  to  218*  with  fresh  portions  of 
conductivity  water  to  remove  adsorbed  substance.  The  conductance  was 
measured  at  18**  and  the  bomb  was  heated  in  each  of  the  various  baths  for 
the  length  of  time  usual  in  the  measurements,  being  finally  brought  back 
in  the  reverse  order  to  18*.  Table  32  contains  the  results  of  two  such 
experiments,  which  served  as  the  basis  for  the  water  correction. 

In  the  case  of  the  measurements  with  sodium  chloride  and  sodium  ace- 
tate (both  with  and  without  acetic  acid  added)  the  mean  value  here  tabu- 
lated of  the  conductance  of  the  water  corresponding  to  the  same  stage 
of  the  experiment  was  subtracted  from  the  measured  conductance  of  the 
solution  (except  that  in  the  few  cases  where  the  solutions  were  prepared 
from  water  having  a  specific  conductance  less  than  0.75  or  greater  than 
0.96  X  10^  these  corrections  were  varied  in  the  ratio  of  that  conductance 
to  0.86  X  10-*,  which  was  the  conductance  of  the  water  used  in  the  two 
experiments  before  its  introduction  into  the  bomb).  No  correction  for 
the  impurities  in  the  water  was  applied  to  the  measured  conductances  of 
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the  hydrochloric  acid,  since  their  effect  is  ordinarily  to  decrease  by  an  in- 
definite amount  the  conductance  of  a  solution  of  a  strong  acid  rather  than 
to  increase  it.  In  the  case  of  acetic  acid  (and  of  sodium  acetate  with  ace- 
tic acid  added)  the  effect  of  the  impurities  would  depend  on  their  nature: 
bases  (e.  g,,  ammonium  hydroxide)  and  salts  {e.  g.,  ammonium  carbonate, 
sodium  silicate)  would  increase  the  conductance  of  the  solution  by  an 
amount  equal  to  or  greater  than  their  own  conductance,  but  very  weak 
acids  (for  example,  carbonic  or  silicic)  owing  to  the  reduction  of  their 
ionization  would  scarcely  influence  it  at  all.  Since  the  water  used  was 
distilled  from  an  alkaline  solution  (of  permanganate)  and  was  scarcely 
exposed  to  the  atmosphere,  it  seems  most  probable  that  the  impurities 
present  are  basic  or  saline;  and  therefore  that  it  is  best  to  subtract  the 
conductance  of  the  water.  It  has  seemed  advisable,  however,  to  apply 
this  correction  to  the  final  rather  than  to  the  separate  values,  and  to  give 
for  comparison  both  the  corrected  and  uncorrected  results. 

Table  32. — Actual  conductance  of  the  water. 


Condactaace  X  10*. 

IfP. 

100®. 

156°. 

21S°. 

156°. 

100°. 

18°. 

Dec.  Id.  1903 

1.056 
0.854 

3.07 
3.11 

5.14 
5.45 

7.30 
7.35 

6.00 
5.93 

4.80 
4.28 

2.03 
1.67 

Mar.  12,  1904 

Mean    

0.955 

3.09 

5.30 

7.32 

7.15 

5.97 
5.84 

4.54 

1.85 
1.82 

Specific  conductance  X  10* 

0.937 

3.03 

5.18 

4.45 

52.    CONDUCTIVITY  DATA  FOR  SODIUM  CHLORIDE,  HYDROCHLORIC 
ACID.  ACETIC  ACID.  AND  SODIUM  ACETATE. 

The  following  table  contains  the  direct  results  of  the  observations  and 
the  equivalent  conductances  computed  from  them.  The  first  column  gives 
the  date  of  the  experiment ;  the  second,  the  cell-number  of  the  conductivity 
vessel ;  the  third,  the  concentration  at  4*  in  milli-equivalents  per  liter  (the 
number  of  milli-equivalents  being  based  upon  the  atomic  weights  referred 
to  oxygen  as  16.000  and  the  weights  being  reduced  to  vacuo) ;  the 
fourth,  the  temperature  on  the  hydrogen-gas  scale  at  which  the  conduct- 
ance was  measured;  the  fifth,  the  concentration  at  the  temperature  ot 
the  measurement,  calculated  by  dividing  the  concentration  at  4*  by  the 
ratio  of  the  specific  volume  of  the  solution  at  that  temperature  to  its  speci- 
fic volume  at  4***,  and  applying  the  correction  at  166°  for  the  vapor  space ; 

♦The  specific-volume  ratio  at  100**  and  156°  was  assumed  to  be  identical  with  that 
for  pure  water.  At  100°  this  value  is  1.0432  according  to  Matthiessen  and  Rosetti ; 
at  156°  it  is  1.0976,  interpolated  graphically  from  Him's  values  [Ann.  chim.  phys. 
(4),  10,  32  (1867)1  at  140.17°,  151.00'*,  and  160.68°  after  correcting  them  to  the  pres- 
sures of  saturated  aqueous  vapor  with  the  help  of  the  compression -coefficient  of 
water,  derived  by  extrapolation  from  the  data  of  Pagliani  and  Vincentini  which 
extend  only  to  100°  [Landolt-Bomstein-Meyerhoffer,  Tabcllen  60  (1905)]. 
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the  sixth,  the  measured  conductance  in  reciprocal  ohms,  multiplied  by  10* 
and  corrected  for  the  instrumental  errors  (those  in  the  slide  wire  and  the 
resistance  coils)  and  for  the  lead  resistance ;  the  seventh,  the  conductance- 
capacity  of  the  vessel  (the  values  being  omitted  when  identical  with  those 
in  a  preceding  experiment) ;  the  eighth,  the  equivalent  conductance  cal- 
culated from  the  value  of  the  conductance  in  the  sixth  colunm  by  applying 
(in  the  case  of  the  two  salts)  the  water-correction  (see  section  51),  mul- 
tiplying by  the  conductance-capacity  in  the  seventh  column,  and  dividing 
by  the  concentration  g^ven  in  the  fifth  column. 

Tablb  33. — The  conductivity  data. 


SODIUM    CHLORIDB. 

CcU 

Coaceatra- 

Temper  >- 

CoBceatra- 

Coadact- 

Coadactaace 

B^airaleBt 

Dace. 

No. 

Ik»at4<>. 

mre,  ^. 

ikmatl^. 

aace  X  10*. 

capacity. 

coadactaace. 

1 

2 

3 

4 

6 

6 

7 

8 

1904 

Jan.  4 

I 

0.5003 

18.00 

0.4996 

55.62 

0.9808 

107.34 

1 

100.26 

0.4795 

177.62 

0.9794 

356.5 

156.3 

0.4559 

260.38 

0.9783 

547.5 

222.3 

0.4190 

331.4 

0.9770 

755.5 

1 

1 

156.5 

0.4558 

261.36 

0.9783 

548.3 

100.30 

0.4795 

179.34 

0.9794 

357.0 

18.00 

0.4996 

56.48 

0.9808 

107.30 

Jan.  5 

I     :     0.5003 

18.00 

0.4996 

55.78 

107.65 

100.38 

0.4795 

178.03 

357.3 

157.2 

0.4555 

263.3 

554.3 

220.7 

0.4201 

334.1 

760.1 

158.5 

0.4548 

272.4 

573.2 

100.15 

0.4796 

185.80 

370.2 

18.00 

0.4996 

59.45 

113.1 

Jan.  8 

I 

0.5002 

18.00 

0.4996 

55.94 

107.61 

99.68 

0.4797 

177.24 

354.3 

156.15 

0.4559 

260.8 

546.2 

216.9 

0.4224 

327.0 

736.1 

156.7 

0.4556 

262.6 

548.6 

99.57 

0.4797 

179.63 

3j(5.6 

18.00 

0.4996 

57.28 

108.17 

Jan.  9 

1 

0.5002 

18.00 

0.4996 

55.86 

107.46 

216.6 

0.4226 

325.9 

733.1 

1903 

Nov.  28 

I 

2.0009 

18.07 

1.9981 

215.81 

105.47 

218.65 

1.6850 

1,271.9 

733.2 

Dec.   17 

I 

2.0009 

18.00 

1.9981 

216.19 

105.66 

99.76 

1.9185 

686.1 

348.7 

157.15 

1.8215 

1,009.5 

539.4 

220.8 

1.6796 

1,268.3 

733.5 

158.0 

1.8199 

1,016.7 

543.3 

99.86 

1.9184 

691.1 

350.5 

18.00 

1.9981 

217.87 

106.05 

Dec.    18 

I 

2.0009 

18.00 

1.9981 

215.70 

105.41 

100.19 

1.9174 

689.0 

350.3 

158.8 

1.8184 

1,018.8 

545.3 

221.0 

1.6790 

1,273.2 

736.6 

160.1 

1.8160 

1,030.4 

551.9 

100.29 

1.9177 

695.4 

352.8 

18.00 

1.9981 

218.64 

106.43 
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..,.. 

"Z 

"z":"^ 

lb.n  «  f. 

inei  X  10«. 



tipiclff. 

1 

2 

a 

4 

6 

6 

T 

a 

1903 
Not.  17 

NOY.    19 

Nor.  an 

Nov.  23 

IBM 
Jan.    SO 

I 

1 
I 

I 

10.013 

10.013 

10.013 
10.013 

10.009 

18.07 
99.72 
IS5.5 
218.  S 
155.75 
99.88 
18.07 
18.07 
100.30 
18.07 
13.07 
B9.S1 
15S.65 
218.6 
155.5 
18.07 

18.00 
100.14 
157.2 
216.9 
157.9 
100.03 

18.00 

999 
601 
130 
434 
127 

eoi 

99B 
9M 
597 
999 
999 
600 
128 
433 
130 
999 

995 

694 
111 
450 

104 
594 

1,0*1.4 

3,288 

4,777 

5,987 

4,788 

3,294 

1,048.5 

1,040.3 

3^99 

1,040.7 

1.041.5 

3JJ92 

4,818 

5,969 

4,777 

1,044.8 

1.041.5 

3,295 

4,310 

5,936 

4,825 

3,302 

1.041.9 

102.04 
335.1 
511.2 
690.1 
512.3 
335.4 
102.63 
101.93 
338.3 
101.67 
102.05 
335.5 
515.5 
690.5 
511.2 
102. 2T 

102.09 
336.0 
515.  a 
685.2 
517.7 
336.6 
102.03 

HYDIOCHLORIC   I 


Feb.  13,. 

Feb.  15.. 

Mar.  15.. 

Mar.  16.. 


0.4985 
0.4784 
0.4538 


n.4436 
0.3746 
0.4436 
a. 4985 
D.4786 
0.4546 
0 , 4209 
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HTDROCHLOUC   ACID, 

Cil 

Cmcci.1.1- 

Tcnptri- 

COQCCU- 

Coo4gcl- 

C«.4»u». 

Eqoi.>Icnl 

D>». 

No. 

■lonu4°. 

■»«,  f. 

llDD  11  f . 

""  >^  ^^■ 

^.v.dn. 

conrlucliac*. 

t 

2 

3 

4 

s 

6 

7 

8 

1004 

Apr.    8 

11 

0.40T7 

18.00 

0.4970 

189.65 

0.9850 

375.8 

100. OS 

0.4663 

406 

4 

0.9836 

837.9 

196.3 

0.4534 

493 

3      1     0.9825 

1,068.5 

218.1 

0.4195 

533 

0     1     0.9811 

1,246.7 

156.3 

0.4534 

494 

3           

1,071.1 

100.01 

0.4662 

407 

0    1 

839.1 

18.00 

0.4970 

189 

79 

376.1 

Apr.    0 

II 

0.4977 

18.00 
99.90 
156.1 

0.4970 
0.4771 
0.4535 

189 
406 
492 

67 
7 

375.9 
837.1 
1,067.5 

217.9 

0.4196 

533 

2 

1,246.7 

156.2 

0.4S3S 

493 

8 

1,069.8 

99.76 

0.4772 

406 

837.0 

18.00 

0.4970 

189 

79 

376.1 

Apr.    15 

II 

D.409S 

18.00 

0.4988 

190 

37  1 

375.9 

99.90 

0.4789 

406 

835.8 

Apr.    16 

II     1     0.4995 

18.00 

0.4988 

190 

20  ! 

375.6 

99.60 

0.4790 

406 

7 

835.1 

217.8 

0.4S12 

534 

0 

1,243.8 

I-'el).    16 

I 

1.9997 

18.00 

1.9970 

761 

2 

0.9808 

373.8 

99.57 

1.9176 

1,916 

3 

0.9794 

825. 5 

196.8 

1.8210 

1,956 

6 

0.9783 

1.051.2 

217.6 

1.6867 

3,112 

4 

0.9770 

14123.3 

197.5 

1.8197 

1,965 

1,058.8 

99.59 

1.9176 

1.617 

3      ' 

18.00 

1.9B70 

761 

6     j 

374^0 

Feb.    17 

I 

1.9997 

18.00 

1.9970 

760 

373.5 

99.85 

1.9173 

J. 816 

825.7 

157.8 

1.8192 

1,980 

S     1 

1.094.5 

218.2 

1.6856 

2,097 

3     1 

1.219.9 

1S7.9 

1.8190 

1.962 

*     1 

1.056.6 

99.87 

1.9172 

1,616 

0 

825.9 

18.00 

1.9970 

759 

373.0 

Fob.    18 

I 

1.9907 

18.00 

1.9970 

760 

6 

373.5 

218.7 

1.6839 

2,106 

0 

1,221.9 

18.00 

1.9970 

761 

2     i 

374.8 

Feb.  80 

1 

9.994 

18.00 
100.34 
197.9 
218.9 
167.  H 
100.36 

18.00 

9.981 
9.578 
9.094 
8.413 
9.092 
9.978 
9.981 

3,747 
7.919 
9,514 
10,109 
9,530 
7,924 
3,743 

368.2 
800.8 
1,023.5 
1,173.9 
1,025.9 
810.2 
367.8 

Feb.   23 

I 

9.994 

18.00 
99.75 
156. S 

9.981 
9.983 
9.101 

3,752 
7,904 
9,506 

368.7 
807.8 
1,021.9 

217.8 
166.4 
99.M 
18.00 

8.428 
9.105 
9.983 
9.981 

10,145 
9,473 

7,892 
3,736 

1,178.1 
1,017.9 
806.6 
367.2 

Feb.  24 

I 

9.994 

18.00 
HT.I 
IS. 00 

9.9B1 
8.435 
9.981 

3.748 
10,114 
3.747 

369.3 

1,171.3 
303.2 
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rirDkoCHtatic  acid. 


Dilc. 

r 

ao"al*. 

Tnnpoti. 
»»,  P. 

Ii0..ll(°. 

ConJin- 

iHiiciv. 

^.^. 

1 

2 

3 

4 

S 

e 

7 

a 

1904 

Mar.   18 

Mar.   21 

I 

iMi.es 

100,56 

18 

156 
217 
iSfl 
99 
18 

la 

100 
157 
218 
157 
100 
18 

00 
78 
3 
3 
2 
57 
00 
00 
26 

7 
8 
27 
00 

100 

91 
84 
91 
06 
100 
100 
90 
91 
84 
91 
96 
100 

52 

73 
91 

n 

S3 
52 
52 

48 
62 
78 
S7 
4B 
52 

35.910 
74,370 
87,570 
90.450 

87.620 
74,410 
35,950 
35,900 
74,490 
87,740 
9a220 
87,750 
74,560 

350.4 
754.7 
934.0 

1,040.7 
334.8 
755.0 
350.8 
350.3 
758.2 
936.9 

1,039.9 
937.5 
75fl.» 
3S0.8 

(ODIUU     ACITATI. 


Apr.    23 II        0.6 


Apr.    26 ;    II        0.4 


Apr.    27 II  0.5015 


Apr.    12 II 


36 

0 

4 

n 

6 

n 

5 

r> 

0 

IHI 

11 

m 

0 

79 

0 

0 

0 

i 

0 

81 

0 

on 

n 

(»:( 

■^ 

0 

0 

O.-i 

0 

m 

n 

51 

7 

60 

no 

3 

57 
00 

75. S2 
275.3 
441.9 
625.7 
436.1 
272.8 
74.83 
76.28 
375.3 


436.9 
272.4 
75.17 
75.80 
274.2 
439.7 
627.7 
435.7 
271,0 
7S.D9 
73.77 
26S.9 
425.9 
422.0 
265.7 
74.16 
74.57 
266.9 
424.6 
600.3 
423.6 
206.4 
74.30 
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July  5. . . 
Julr  6... 
July  7... 
Jnl7  11... 
June  16.. 


M> 

04 

{; 

IM 

0 

1. 

l.-ift 

1 

1. 

100 

IN 

07 

no 

1. 

1 

1fl 

no 

liti 

4 

1. 

1H 

no 

1 

IN 

(Ml 

ft. 

1INI 

40 

ft. 

157 

H 

H. 

l.W 

t) 

ft, 

HKl 

aft 

». 

1H 

on 

II 

Ifl 

00 

ft, 

IIKI 

Wl 

ft. 

inn 

H 

H 

1.W 

7 

1). 

ItKl 

tH 

H 

ID 

00 

U. 

1H 

m 

ft. 

IfKl 

?o 

ft 

IM 

1 

ft. 

1.W 

'/ 

ft. 

IfMl 

on 

ft 

Ifl 

00 

ft, 

IM 

(Kl 

ft. 

156 

ai7 

1 

ft. 

8. 

IS 

«. 

IH 

no 

ft. 

1.%S 

.1 

n 

ai7 

«. 

IH 

(N) 

ft, 

Ifl 

no 

0 

Lift 

ft 

9. 

«17 

7 

H. 

1« 

no 

ft 

IH 

00 

10, 

1!W 

0 

ft. 

KIT 

H 

H 

Ifl 

no 

10. 

1M 

(HI 

». 

IM 

« 

H 

317 

4 

R, 

IH 

00 

». 

IH 

00 

7ft. 

m 

08 

TO, 

1.W 

4 

Hft. 

ais 

0 

M. 

1.9154 
1.S209 
1.6840 


5,280 

6,883 

1,010.3 
723.7 

2,494.0 

3,751 

3,740 

2,496.0 
724.3 
723.5 


4,808 
24,634 
31,44S 


4,904 
16,504 
84.408 
30,350 


0.9825  I 
0.9811  I 
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Table  33. — The  conductivity  data — Gmtinued. 


SODIUM  ACETATE. 


Dite. 

Cell 
No. 

Concentri- 
tion  It  4''. 

Tenpert- 
turc,  fi. 

Concentra- 
tion at  fi. 

Conduct- 
ance X  10«. 

Condnctnnce 
capacity. 

Eqniralenc 
conductance. 

1 

2 

3 

4 

6 

6 

7 

8 

1904 
Jane  23 

Jnne  14 

II 
II 

76.22 
95.55 

18.00 
100.15 
218.3 
156.3 
100.15 

18.00 

18.00 
100.12 
156.2 
218.2 
156.1 
100.05 

18.00 

76.11 
73.06 
64.22 
69.44 
73.06 
76.11 
95.42 
91.59 
87.06 
80.52 
87.07 
91.59 
95.42 

4,927 
16,578 
30,390 
24,426 
16,556 

4,923 

6,034 
20,303 
29,900 
37,020 
30,050 
20,318 

6,050 

63.75 
223.21 
464.1 
345.5 
222.90 

63.68 

62.28 
218.17 
337.4 
451.0 
339.0 
218.19 

62.43 

ACETIC    ACID. 


May  20. 


May  24. 


II 


10.302 


II        10.034 


June   2. 


May   25, 


May   26. 


.May   12. 


II    :  10.003 


II 


30.040 


II 


II 


30.00 


101.67 


18.00 
99.40 
155.4 
217.4 
155.6 
99.64 
18.00 
18.00 
99.90 
156.1 
217.9 
18.00 
18.00 
100.03 
156.1 
218.1 
18.00 
18.00 
99.95 
156.2 
217.9 
156.2 
99.95 
18.00 
18.00 
99.83 
156.2 
217.6 
156.4 
99.75 
18.00 
18.00 
99.95 
218.0 


10.288 
9.880 
9.394 
8.692 
9.393 
9.878 
10.288 
10.020 
9.620 
9.143 
8.460 
10.020 
9.990 
9.589 
9.115 
8.431 
9.990 
30.00 
28.80 
27.37 
25.33 
27.37 
28.80 
30.00 
29.96 
28.76 
27.33 
25.30 
27.33 
28.76 
29.96 
101.53 
97.47 
85.70 


150.07 

256.4 

223.41 

146.85 

223.22 

256.5 

149.87 

148.11 

253.3 

220.84 

146.53 

148.02 

147.90 

252.9 

219.48 

143.95 

148.10 

2^9.0 

442.4 

382.7 

249.96 

382.5 

442.6 

259.3 

259.5 

442.2 

382.7 

250.7 

381.1 

442.6 

259.6 

477.9 

814.2 

458.2 


0.9850 
0.9836 
0.9825 
0.9811 


14.369 
25.53 
23.37 
16.577 
23.35 
25.55 
14.349 
14.560 
25.91 
23.73 
16.995 
14.550 
14.583 
25.94 
23.66 
16.752 
14.603 
8.503 
15.109 
13.738 
9.684 
13.730 
15.116 
8.515 
8.532 
15.123 
13.755 
9.719 
13.700 
15.136 
8.536 
4.636 
8.217 
5.246 
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Table  33. — The  conductivity  data — Continued. 


ACBTIC  ACID. 

Due. 

Cell 

Concentri- 

Tenperi- 

Concentrt- 

Condact- 

Condncunce 

BqniYftlenc 

No. 

tton  at  4°. 

tare,  <°. 

tion  at  t9. 

•nce  X  10*. 

cipacity. 

condnctince. 

1 

2 

3 

4 

6 

6 

7 

6 

May   13 

II 

101.67 

18.00 

101.53 

478.5 

4.642 

99.08 

97.46 

815.6 

8.231 

156.0 

92.65 

704.2 

7.468 

217.9 

85.71 

457.3 

5.236 

156.1 

92.65 

703.7 

7.462 

100.02 

97.46 

813.2 

8.207 

18.00 

101.53 

478.0 

4.638 

May    16 

•  •  •  • 

101.67 

18.00 

101.53 

478.3 

4.641 

30.00 

101.24 

572.0 

5.565 

99.56 

97.50 

815.5 

8.228 

101.02 

97.39 

815.0 

8.231 

98.02 

97.61 

815.7 

8.221 

156.8 

92.67 

705.0 

7.475 

217.7 

85.74 

459.4 

5.257 

99.67 

97.49 

814.8 

8.221 

18.00 

101.53 

478.3 

4.641 

53.    SUMMARY  OF  THE  EQUIVALENTXX>NDUCrANCE  VALUES. 

The  separate  conductance  values  given  in  table  33  were  all  corrected  so 
as  to  correspond  to  the  uniform  temperatures  of  18*,  100*,  156*,  and  218* 
by  means  of  temperature-coefficients  obtained  by  plotting  those  values. 
In  the  case  of  acetic  acid,  since  the  equivalent  conductance  varies  rapidly 
with  the  concentration,  the  preceding  values  were  also  corrected  so  as  to 
eliminate  the  small  variations  in  concentration  in  the  different  experiments. 
This  was  done  with  the  help  of  the  equation  A^C  =  const.,  the  substantial 
validity  of  which  will  be  shown  subsequently.  The  so-corrected  equiva- 
lent conductances  are  summarized  in  table  34.  The  concentration  is  ex^ 
pressed  in  milli-equivalents  (referred  to  oxygen  as  16.00)  per  liter  at  4*. 
In  the  columns  headed  ^^  Initial"  are  given  the  equivalent  conductances 
obtained  from  the  measurement  at  the  temperature  in  question  before  go- 
ing to  the  higher  temperatures ;  while  in  the  columns  headed  "Final"  are 
given  the  equivalent  conductances  obtained  after  returning  to  the  temper- 
ature in  question  from  a  higher  one.  The  means  are  based  upon  both  the 
initial  and  final  values  in  cases  where  there  was  no  systematic  difference 
between  them ;  otherwise  upon  the  initial  values  alone :  in  which  of  these 
ways  the  mean  value  was  obtained  in  each  separate  case,  is  indicated  in  the 
table  by  its  position.  From  a  comparison  of  the  separate  initial  values  at 
any  temperature  and  concentration  the  d^^ee  of  agreement  of  the  deter- 
minations made  at  different  times,  and  often  with  different  solutions,  may 
he  seen.  A  comparison  of  the  initial  and  final  values  in  the  separate  ex- 
periments shows  the  contamination  that  resulted  from  the  heating. 
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Table  34. — Equivalent  conductance  at  round  temperatures. 


SODIUM 

CHLORIDE. 

Concen- 
tration 
.14°. 

18° 

100° 

156° 

218°. 

Dite. 

Initial. 

Final. 

Initial. 

Final. 

Inliial. 

Final. 

1904 

Jan.  4 

Jan.  5 

Jan.  8 

Jan.  9 

0.5003 
0.5003 
0.5002 
0.5002 

107.34 

107.65 

107.61 

ni07.46 

107.30 
113.10 
108.17 

355.7 
356.2 
355.4 

356.1 
369.8 
367.1 

546.6 

•t550.4 

545.8 

546.7 
565.0 
546.4 

742.6 

•t7«2.0 

739.4 

737.3 

Mean  .. 

0.5002 

107.53 

355.8 

349!5' 
349.7 

'351! i 

352.0 

546.2 

739.8 

1903 
Nov.  28. . . 
Dec.  17... 
Dec.  18... 

2.0009 
2.0009 
2.0009 

105.31 
105.66 
105.41 

imIos 

106.43 

'sseio 

536.4 

537.6* 
538.9 

731.3 
725.4 
727.9 

Mean  .. 

2.0009 

10.013 
10.013 
10.013 
10.013 
10.009 

105.46 

349.6 

335.9 
335.4 

336!i* 
335.6 

336.4 

...... 

336.4 

536.2 

513.1 

5i2.'7* 
511.9 

728.2 

Nov.  17... 
Nov.  19... 
Nov.  20. . . 
Nov.  23... 
Jan.    20... 

101.88 
101.77 
101.81 
101.89 
102.09 

♦102.47 

mill 
102.03 

512.7 

•516! 6 
512.1 

688.7 

688.8 
688.2 

Mean  .. 

10.012 

101.94 

336.0 

512.5 

688.6 

HYDROCHLORIC    ACID. 


1904 

Feb.  10.. 
Feb.  12.. 
Feb.  13.. 
Feb.  15.. 
Mar.  15.. 
Mar.  16.. 
Apr.  8. . 
Apr.  9. . 
Apr.  15.. 
Apr.  16.. 
Mean   . 

Feb.  16.. 

Feb.  17.. 

Feb.  18.. 

Mean  . 

Feb.  20.. 

Feb.  23.. 

Feb.  24.. 

Mean  . 

Mar.  18.. 
Mar.  21.. 

Mean.  . 


0.4991 
0.4996 


44 

44 


0.4442 

110.4992 

0.4977 

0.4995 
0.4995 


0.499 


1.9997 
44 


44 


2.000 


9.994 


44 

4t 


9.994 


100.66 
ii 


100.66 


375.4 
375.7 
375.0 
375.0 
373.8 
374.1 
375.8 
375.9 
375.9 
375.6 


375.2 


373.8 
373.5 
373.5 


374.6 


373.0 
374.1 
276.1 
376.1 


374.0 
373.0 
373.8 


373.6 


368.2 
368.7 
368.3 


367.8 
367.2 
368.2 


368.1 


350.4 
350.3 


350.8 
350.8 


350.6 


836.0 
834.6 

*834!i 

832.5 
837.7 
837.6 
836.2 
837.0 

836.0 
839.1 
838.2 

835.9 

827.4 
826.4 

827.8 
826.1 

826.9 

808.3 
808.9 

808.7 
808.1 

808 

1.5 

755.6 
755.2 

756.7 
755.8 

755.8 


1,064.3 
•11.056.7 


1,059.7 
1.068.4 
1,067.2 


1.064.9 


1,048.5 
1,048.4 


1,068.4 


1,063.2 
1,070.1 
1,069.1 


1,051.7 
1,048.8 


1,049.3 


1.018.5 
1,019.2 


1,019.5 
1,016.6 


933.6 
933.5 


934.3 
932.8 


933.6 


•11,234.6 


•  ••••• 

1,241.2 
1,237.8 
1,246.4 
1,247.0 


3.3 


1,224.2 
1,215.4 
1,220.3 


1,172.0 
1,176.5 
1,173.2 


1,041.3 
1,038.8 

1,040.1 


*Data  indicated  by  stars  are  not  included  in  the  mean,  on  account  of  their  wide  deviation 
from  the  other  values  or  for  some  known  cause  of  error  stated  in  the  foot  notes. 

fit  is  evident  from  the  disagreement  of  the  initial  and  final  values  that  in  this  experiment 
contamination  occurred  at  the  nigher  temperatures. 

I  The  reading  in  this  case  was  not  of  the  usual  accuracy. 
As  the  readings  were  not  constant,  this  value  was  omitted  in  computing  the  mean. 
The  water  used  in  preparing  this  solution  was  unusually  good,  having  a  specific  conductance 
of  only  0.6  X  10-«. 


Section  5J. — Summary  of  Equivalent  Conductances. 


135 


Table  34.— Equivalent  conductance  at  round  temperatures— Continued. 


SODIUM    ACBTATI. 

• 

Dite. 

Concen- 
tration 
•t40. 

Itp 

100^ 

156° 

21S<>. 

Initial. 

Final. 

Initial. 

Hnal. 

Initial. 

Final. 

1904 
Apr.  23... 
Apr.  26... 
Apr.  27... 

Mean  .. 

Apr.  12... 
Apr.  20... 
Apr.  21... 
July  14... 
Mean  .. 

Mar.  24... 
Mar.  25... 
June  10... 
June  27... 
July     5... 
July     6... 
July     7. . . 
July  11... 
Mean  .. 

June  16... 

June  23... 

Mean  .. 

June  14... 

0.5008 
0.4988 
0.5015 

75.82 
76.28 
75.80 

74.83 
75.17 
75.09 

274.3 
275.9 
274.1 

272.0 
272.9 
271.8 

440.7 
441.4 
438.8 

434.5 
436.6 
434.1 

623.8 
629.3 
627.4 

0.500 

1.9903 
1.9980 
1.9980 
1.9985 

75.97 

75.03 

74.16 
74.30 
74.30 
74.24 

274.8 

267.2 
268.2 
268.0 

...... 

272.2 

266.7 
267.3 
267.4 

440.3 

435.0 

626.8 

•73.77 
74.57 
74.55 
74.52 

423.7 
426.6 
425.9 
427.3 

422.8 
425.6 
425.1 

602.3 
600.9 
601.4 

1.996 

74.55 

74.28 

267.8 

267.1 

253.5 
253.6 
253.8 

425.9 

424.5 

397.9 
400.4 

601.5 

551.6 
•557.9 
551.5 
551.3 
552.9 

10.002 
10.002 
10.000 
9.992 
9.984 
10.006 
10.018 
10.001 

70.98 
70.96 
71.14 
•70.07 
71.23 
71.33 
71.23 
71.40 

70.95 
71.06 
71.18 
71.40 
71.21 
71.34 
71.39 
71.49 

253.6 
253.1 
254.1 

399.3 
398.4 
401.2 
394.8 
402.1 
398.3 
398.6 
398.9 

10.00 

71.22 

253.6 

399.1 

551.8 

464.3 
463.6 

76.06 
76.22 

63.59 
63.75 

'osids 

222.68 
222.89 

222.58 

345.2 

• 

'sliio 

76.14 

63.67 

222.72 

345.1 

464.0 

95.55 

62.28 

•62.43 

217.82* 

>218.09 

337.0 

•338.8 

450.7 

ACETIC    ACID. 

1904 
May  20... 
May  24... 
June    2. . . 

Mean  .. 

May  25... 
May  26... 

May  12... 

May  13... 

May  16... 

Mean  .. 

10 

i4 
M 

14.585 
14.589 
14.583 

14.564 
14.579 
14.603 

25.92 
25.96 
25.94 

25.94 

23.68 

•t23.79 

23.67 

23.68 

16.730 

♦tl7.013 

16.768 

10 

14.586 

14.581 

25.94 

23.68 

13.761 
13.764 

16.749 

30 

8.512 
8.532 

8.524 
8.536 

15.124 
15.123 

15.131 
15.138 

13.753 
13.718 

9.685 
9.683 

30 

100 
tt 

tt 

8.522 

8.530 

■ . .  •  • . 
4.678 

15.124 

13.763 

*7!528 
7.530 

9.684 

4.673 
4.679 
4.678 

8.283 
8.297 
8.294 

'8.273 
8.287 

*7!524 

5.288 
5.271 
5.286 

100 

4.677 

8.291 

7.589 

6.282 

'Omitted  in  computmg  the  mean. 

tOmitted  in  computing  the  mean  since  the  readings  were  uncertain,  owing  to  the  fact  that  a 
relatively  high  vacuum  was  produced  in  this  case,  which  permitted  the  formation  of  hubbies 
on  the  electrode. 


In  connection  with  these  results,  attention  may  be  called  to  the  degree  of 
agreement  of  the  ''initial"  and  "final"  values,  which  gives  a  measure  of 
the  change  in  concentration  resulting  from  the  heatings.  In  the  cases  of 
the  0.1  and  0.01  normal  solutions  of  sodium  chloride,  hydrochloric  acid, 
acetic  acid,  and  sodium  acetate  the  differences  between  these  two  sets  of 
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values  at  all  temperatures. are  scarcely  greater  than  the  possible  experi- 
mental errors  of  the  separate  determinations.  Remarkably  enough,  the 
same  is  true,  in  the  case  of  the  hydrochloric  acid,  of  the  still  more  dilute 
solutions,  0.002  and  0.0005  normal.  In  the  case  of  sodium  chloride  at 
these  two  concentrations  the  final  values  at  18*"  are  as  a  rule  somewhat 
larger  than  the  initial  values,  but  on  an  average  only  by  0.5  per  cent.  In 
the  case  of  sodium  acetate,  on  the  contrary,  the  final  values  are  smaller  by 
0.3  to  0.4  per  cent  for  the  0.002  normal  solution  and  by  1.0  to  1.5  per  cent 
for  the  0.0005  normal  solution. 

Table  35  contains  a  summary  of  the  mean  values  of  the  equivalent 
conductances  given  in  table  34,  after  correcting  them  upon  the  basis 
described  in  section  16,  Part  II,  for  the  change  in  conductance  caused  by 
the  heating  (only,  however,  in  cases  where  the  initial  and  final  values  at  18° 
differed  by  more  than  0.25  per  cent).  The  acetic  acid  values  given  under 
the  heading  "corrected"  were  obtained  by  decreasing  the  "uncorrected** 
values  by  a  fractional  amount  equal  to  the  ratio  of  the  actual  conductance 
in  the  bomb  of  the  water  (section  51)  to  that  of  the  solution  in  question. 
The  values  of  the  concentrations  here  given  are  those  at  the  temperatures 
of  the  measurements.  They  were  obtained  by  dividing  the  concentration 
at  4*  by  the  appropriate  specific-volume-ratio. 


Table  35. — Mean  values  of  the  equivalent  conductance. 


Tcmper- 
iture. 

Concen- 
trition. 

Sodium 
chloride. 

Hydro- 
chloric 
icid. 

Sodinm 
•ceute. 

Acetic  icid. 

Uncor- 
rected. 

Cor- 
rected. 

18** 
100° 
156** 
218** 

0.500 
1.998 
9.99 

30.0 

75.9 

99.9 
0.479 
1.917 
9.59 

28.8 

72.9 

95.9 
0.456 
1.82 
9.11 

27.3 

69.2 

91.1 
0.422 
1.69 
8.43 

25.3 

64.1 

84.3 

107.53 
105.46 
101.94 

355!8 
349.4 
336.0 

546 
535 
513 

740 
725 
689 

375.2 
373.6 
368.1 

*35o!6 
836 
827 
808 

756  * 
1,065 
1,049 
1,018 

934*' 
1,243 
1,220 
1,174 

75.97 
74.55 
71.22 

*63!67 

274!8' 

267.8 

253.6 

222.7 

446!3 
425.9 
399.1 

345! i* 

631* 

603 

552 

464 

8.52 

25!94 
15.12 

'*8!29 

*23!68 
13.76 

*7!53 

'i6.*75 
9.68 

*5!28 

14.50 
8.49 

'i.'e?* 

15.01 
*8!26* 

23!i4' 
13.67 

*7!47' 

9.40 
*5!20* 
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54.    EQUIVALENT.CX)NDUCrANCE  VALUES  AT  ROUND  CONCENTRATIONS. 

In  order  to  show  more  clearly  the  change  of  conductance  with  the  tem- 
perature the  values  in  table  35  have  been  reduced  so  as  to  correspond  to 
the  same  concentration  at  all  temperatures.    This  has  been  done  by  graphic 

interpolation  with  the  help  of  the  approximately  linear  function  —  =  —  + 

A       Aq 

iiL(CA)*  in  the  cases  of  sodium  chloride,  hydrochloric  acid  and  sodium 
acetate;  and  with  the  help  of  the  function  A  =  iiL(  J.)*,  also  approximately 
linear,  in  the  case  of  acetic  acid.  Values  extrapolated  for  any  considerable 
interval  are  indicated  by  inclosure  in  parentheses.  The  limiting  values  for 
zero  concentration  (Ao)  were  derived  for  hydrochloric  acid  and  sodium 
acetate  by  determining  graphically  what  function  of  the  exponential  form 

—  = ^-iC(CA)»-^  would  best  express  the  results  at  0.5,  8,  10  and  100 

A        Ao 

(or  75  or  85)  milli-normal  and  extrapolating  for  zero  concentration  (see 
section  42,  Part  IV).  For  sodium  acetate  the  conductance  values  at  156** 
and  218*  were  first  corrected  for  the  hydrolysis  of  the  salt  in  the  way  to 
be  described  in  section  58,  before  making  this  extrapolation.  The  cor- 
rected values  are  given  in  the  table  below  the  uncorrected  ones.  At  18* 
and  100*  the  hydrolysis  is  inappreciable.  For  acetic  acid  the  A©  values 
were  calculated  from  those  for  the  other  three  substances  by  the  law  of 
the  independent  migration  of  the  ions. 

Table  36  contains  the  results  of  these  computations.  The  concentra- 
tions, as  usual  in  this  article,  are  expressed  in  milli-equivalents  per  liter 
(referred  to  oxygen  as  16.00)  and  the  temperatures  are  on  the  hydrogen 
gas  scale. 

Table  36. — Equivalent  conductance  at  round  concentrations. 


Snbttance. 

Concen- 
tration. 

18°. 

100°. 

1,VJ°. 

218°. 

R^lpm  Chloride. 

0.5 
2.0 

107.53 
105.46 

356.5 
349.0 

645 
534 

738 
722 

10.0 

101.94 

336.5 

611 

684 

Hydrochloric  Acid. 

0 

379 

850 

1,085 

l^SM 

r 

0.6 

375.2 

836 

1,064 

1,241 

2.0 

373.6 

826 

1,048 

1,217 

10.0 

368.1 

807 

1,016 

1,168 

80.0 

353.0 

762 

946 

1,044 

100.0 

350.6 

764 

929 

1,006 

Sodium  Acetate  (uncor- 

0 

78.1 

286 

• . .  • 

rected  for  hydrolysis) 

0.5 

75.97 

274.6 

439.5 

628 

2.0 

74.55 

267.6 

424.5 

598 

10.0 

71.22 

263.3 

397.0 

646 

80.0 

63.4 

221.0 

340.0 

453 
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Table  36. — Equivalent  conductance  at  round  concenirations-— Continued. 


Sobiunce. 

Concen- 
tration. 

18°. 

100^. 

156®. 

21g°. 

Sodium    Acetate    (cor- 

0 

450 

660 

rected  for  hydrolysis ) 

2.0 

421 

578 

10.0 

396 

542 

80.0 

340 

452 

Acetic  Acid  (uncorrect- 
ed for  conauctance  of 

10 

14.50 

25.40 

22.65 

15.43 

30 

8.52 

14.80 

13.13 

8.90 

water) . 

80 

5.23 

9.10 

8.07 

5.42 

100 

4.68 

8.13 

Acetic  Acid  (corrected 

0 

347 

773 

980 

1,165 

for    conductance    of 

10 

14.50 

25.10 

22.15 

14.70 

water). 

30 

8.50 

1^.70 

12.95 

8.65 

80 

5.22 

9.05 

8.00 

5.34 

100 

4.67 

8.10 

The  results  with  sodium  chloride  were  in  an  earlier  part  of  this  publica- 
tion combined  with  the  other  results  obtained  with  this  substance  in  this 
laboratory  and  were  discussed  in  connection  with  them  (see  section  16, 
Part  II).  The  results  with  the  other  substances  will  alone  be  considered 
in  the  following  pages.  In  the  case  of  the  acetic  acid  we  shall  employ 
the  values  corrected  for  the  conductance  of  the  water. 

It  is  of  interest  to  compare  these  results  with  those  of  previous  investi- 
gators in  the  few  cases  in  which  duplicate  data  already  exist.  In  table  37 
such  data  are  placed  side  by  side. 

Table  37. — Comparison  of  the  values  of  the  equivalent  conductance  at 

18°  obtained  by  different  investigators. 


Concen- 
trition. 

Hydrochloric  Acid. 

Sodium  Acktatb. 

Acme  Acid. 

Noyei 

ind 

Cooper. 

Kohl- 
riutch.* 

Goodwin 

•nd 
Hitkell.f 

Noyei 

•nd 

Cooper. 

Kohl- 
notch.* 

Noyet 

•nd 

Cooper. 

Kohl- 
rinicb.* 

0.5 

2.0 

10.0 

100.0 

375.2 
373.6 
368.1 
350.7 

376" 

370 

351 

375.4 
375.0 
369.3 
351.4 

76.0 
74.5 
71.2 

75.8 
74.3 
70.2 

uVao 

4.67 

4.60 

*Kohlrau8ch  and  Holborn,  Leitvermogen  der  Elektrolyte,  159*160.   (1898). 
tProc.  Am.  Acad..  40,  409.  415  (1904);  Phys.  Rev..  19,  383.  38$  (1904).     The  values  here 
given,  like  our  own.  are  uncorrected  for  the  influence  of  the  water. 

Our  results  with  hydrochloric  acid  at  18*"  agree  on  an  average  within 
0.25  per  cent  with  those  determined  with  great  care  by  Goodwin  and  Has- 
kell. This  is  also  true  of  the  values  for  this  acid  extrapolated  for  zero 
concentration,  which  are  379  and  380  respectively.  Our  values  for  sodium 
acetate  in  0.01  normal  and  for  acetic  acid  in  0.1  normal  solution  differ, 
however,  from  the  early  ones  of  Kohlrausch  by  1.4  and  1.5  per  cent 
respectively. 
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55.    CHANGE  OF  THE  EQUIVALENT  CONDUCTANCE  WITH  THE 

CONCENTRATION  AND  TEMPERATURE. 

The  change  of  the  conductance  with  the  concentration  may  be  first 
discussed.  In  the  case  of  the  sodium  acetate  values  uncorrected  for  hydrol- 
ysis there  is,  owing  to  this  phenomenon,  an  abnormally  large  increase 
between  the  highest  and  lowest  concentrations,  especially  at  the  higher 
temperatures.  Moreover,  it  is  not  probable  that  the  values  corrected  for 
hydrolysis  are  as  accurate  as  those  for  tmhydrolyzed  salts.  This  makes  it 
scarcely  worth  while  to  investigate  fully  the  form  of  function  applicable 
to  the  change  of  conductivity  with  the  concentration  in  the  case  of  this 
salt.  Of  much  interest,  however,  is  such  a  study  in  the  case  of  hydro- 
chloric acid,  especially  with  reference  to  the  conformity  of  its  behavior  to 
that  of  the  neutral  salts.  We  have  therefore  tested  the  applicability  to  the 
data  of  the  three  functions  A^  —  A=:KC^  (Kohlrausch),  A©  —  A  = 
KOa^  (Barmwater),  and  A^  —  A=K^C^  (van't  Hoff),  by  plotting  the 
values  of  A  along  one  co-ordinate  axis  and  those  of  C*,  A*C*,  or  A*0  along 
the  other  axis,  drawing  the  best  representative  straight  line  through  the 
points  in  such  a  way  as  to  make  the  percentage  deviations  of  the  two  con- 
ductivity values  for  the  more  concentrated  solutions  (10  and  100  or  10 
and  85  milli-normal)  and  also  of  those  for  the  more  dilute  solutions  oppo- 
site and  equal,  and  reading  off  the  deviations  of  the  separate  points  from 
the  line.  These  deviations,  expressed  as  percentages  of  the  conductance 
values,  are  given  in  table  38. 

Table  38. — Deviation  of  the  observed  conductance  values  for  hydrochloric 
acid  from  those  calculated  by  various  empirical  formulas. 


Tcmper- 
•tnre. 

Concen- 
trtdon. 

BqnlTalent 
conduct- 

•nee. 

Perccntnfe  devUtlon  of  obtenred  fran 
cnlcninted  condnctance  Ttlnet. 

c»^ 

^i/t^i/i 

^•/t  ^1/1 

18** 
100** 
1560 
218** 

0.5 
2.0 
9.99 
99.9 

375.2 
373.6 
368.1 
350.6 

—0.19 
+0.17 
+0.22 
—0.24 

—0.20 
+0.19 
+0.27 
—0.27 

— O.08 
+0.06 
—0.02 
+0.01 

Mean. 

0.21 

0.24 

0.04 

+0.11 
—0.13 
—0.22 
+0.21 

0.479 
1.917 
9.59 
95.9 

836 
827 
808 
756 

—0.05 
+0.05 
+0.07 
-O.07 

—0.08 
+0.06 
+0.12 
—0.13 

Mean. 

0.456 
1.82 
9.11 
91.1 

0.06 

0.10 

—0.05 
+0.02 
+0.08 
—0.09 

0.17 

1,065 

1,049 

1,018 

934 

+0.01 

—0.01 

0.00 

0.00 

+0.18 
—0.18 
—0.40 
+0.42 

Mean. 

0.01 

0.06 

0.30 

0.421 
1.69 
8.43 
84.8 

1,243 
1,220 
1,174 
1,040 

—0.09 

0.00 

+0.10 

—0.12 

—0.09 
+0.10 
+0.22 
—0.33 

+0.21 
—0.28 
—0.74 
+0.68 

Mean. 

0.06 

0.18 

0.47 
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It  will  be  seen  from  the  table  that  as  in  the  case  of  the  salts  previously 
investigated,  the  cube-root  function  of  Kohlrausch  expresses  the  results 
almost  perfectly  at  the  three  higher  temperatures,  but  that  at  18*  the  de- 
viations reach  0.25  per  cent.  That  of  Barmwater  is  nearly,  but  not  quite, 
as  satisfactory.  On  the  other  hand,  the  function  of  van't  Hoff  well  rep- 
resents the  data  at  18*",  but  does  so  less  and  less  perfectly  the  higher  the 
temperature,  so  that  at  218**  the  deviations  reach  0.7  per  cent 

We  have  also  determined  graphically,  by  plotting  1/A  against  (AC)*^* 
(see  section  17,  Part  II),  what  value  of  the  exponent  n  in  the  function 
C(Ao  —  A)  =K(CA)^  best  expresses  the  results  at  the  different  tem- 
peratures both  for  hydrochloric  acid  and  sodium  acetate  (unhydrolyzed 
values).    The  results  are  given  in  table  39. 

Table  39. — Values  of  the  exponent  n  in  the  function 


SubfltMce. 

is°. 

100^. 

15tf>. 

218°. 

HOI 

1.45 
1.45 

1.38 
1.45 

1.40 
1.42 

1.47 
1.36 

NaO,H,0,.... 

The  effect  of  temperature  is  mainly  of  interest  when  considered  with 
reference  to  the  conductivity  values  extrapolated  for  zero  concentration ; 
for  this  effect  then  consists  solely  in  a  change  in  the  migration  velocity  of 
the  ions,  while  at  higher  concentrations  upon  this  the  change  in  ionization 
is  superposed.  To  show  the  character  of  this  effect,  we  have  calculated 
the  mean  absolute  temperature-coefficient  of  the  conductivity  at  zero  con- 
centration AAo/A/  between  18**  and  100^  100**  and  156^  and  156**  and 
218°.  These  coefficients  are  given  in  the  following  table,  together  with  the 
value  of  the  equivalent  conductance  at  18*.  The  coefficients  for  sodium 
acetate  are  based  on  the  conductance  values  corrected  for  hydrolysis. 

Table   40. — Mean    temperature-coefficients   of   the 
equivalent  conductance  at  zero  concentration. 


Subttince. 

Condact- 
•nce 

Teraperitnre-coeflicient. 

lg°-100°. 

100°-156°. 

156°-218° 

NaOl 

109 
78.1 
379 

3.09 
2.53 
5.76 

3.44 
2.95 
4.20 

3.31 
3.40 
2.90 

NaO,H,0,... 
HOI 

It  is  evident  from  the  preceding  table  that  the  temperature-coefficient  of 
sodium  acetate,  like  that  of  the  other  uni-univalent  salts  discussed  in 
Parts  II  and  IV  first  increases  rapidly,*  attains  a  maximum,  and  then 

♦According  to  Arrhenius  (Ztschr.  phys.  Chem.,  4,  99,  1889)  its  absolute  tempera- 
ture-coefficient for  the  interval  18-52^  is  2.08,  thus  much  smaller  than  that  from 
18**  to  100**. 
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somewhat  decreases.    Hydrochloric  acid,  on  the  contrary,  exhibits  a  con- 
stantly decreasing  temperature-coefficient.* 

It  is  also  worthy  of  note  that  the  migration  velocities  of  the  ions  of 
these  three  substances  differ  by  a  less  percentage  amount  the  higher  the 
temperature.  Thus  the  ratio  of  the  equivalent  conductance  of  sodium  ace- 
tate and  of  hydrochloric  acid  at  zero  concentration  to  that  of  potassium 
chloride  has  the  following  values  at  the  various  temperatures : 

18®  100®  15fi®  218® 

NaCiHtOs  :  KCl 0.60        0.69        0.72        0.80 

HQ  :  KQ 2.91        2.05        1.73        1.63 

The  effect  of  temperature  on  the  conductivity  at  the  higher  concentra- 
tions does  not  require  special  discussion,  since  the  phenomenon  is  better 
analyzed  through  the  consideration,  presented  in  the  following  section,  of 
the  relation  of  ionization  to  temperature.  It  is,  however,  of  some  interest 
to  note  that  acetic  acid,  owing  to  the  decrease  in  its  ionization  overcom- 
pensating  the  increase  in  the  mig^tion  velocity  of  its  ions,  has  a  maxi- 
mum value  of  the  equivalent  conductance  at  some  temperature  between 
18'  and  166*. 


56.    lONIZATlON-VALUES  AND  THEIR  CHANGE  WITH  THE 
CONCENTRATION  AND  TEMPERATURE. 

Table  41  shows  the  percentage  degree  of  ionization  of  the  various  sub- 
stances. These  values  were  obtained  merely  by  dividing  the  conductances 
at  the  different  concentrations  by  the  conductance  at  zero  concentration, 
all  of  which  are  given  in  table  36.  The  values  corrected  for  hydrolysis 
were  used  in  the  case  of  sodium  acetate,  and  those  corrected  for  the  con- 
ductance of  the  water  in  the  case  of  acetic  acid. 

Table  41. — Percentage  ionuiation. 


Snbttaoce. 

CoBcen- 
trMion. 

18°. 

100^. 

156°. 

218®. 

Hydrochloric 

0 

100.0 

100.0 

100.0 

100.0 

Acid. 

0.5 

99.0 

98.2 

98.0 

98.2 

2 

98.5 

97.2 

96.5 

96.0 

10 

97.1 

95.0 

93.6 

92.2 

80 

93.2 

89.7 

87.2 

82.5 

100 

92.6 

88.7 

85.6 

79.5 

Sodium  Ace- 

0.5 

97.2 

96.4 

tate. 

2 

95.3 

93.8 

93.7 

87.2 

10 

91.2 

88.8 

88.0 

82.2 

80 

81.1 

77.6 

75.6 

68.5 

Acetic  Acid. 

10 

4.17 

3.24 

2.26 

1.26 

30 

2.45 

1.90 

1.32 

0.743 

80 

1.50 

1.17 

0.815 

0.458 

100 

1.34 

1.05 

*Its  value  for  the  interval  10-30®  is  6.30  (computed  from  the  data  of  Noyes  and 
Sammet  [Ztschr.  phys.  Chem.,  43,  70,  1903]  and  our  value  of  A«  at  18®). 
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The  discussion,  given  in  section  55,  of  the  change  of  conductivity  of 
hydrochloric  acid  with  the  concentration  is  substantially  also  a  discussion 
of  the  change  of  ionization ;  for  the  three  functions  there  considered,  pro- 
vided each  be  assumed  to  hold  down  to  zero  concentration  and  therefore 
to  give  the  true  value  of  A©,  may  be  written  in  the  forms : 

l  —  y  =  KO;  1  — y  =  /i:(Cy)»and  C(l  —  y)=K(Cy)^ 

The  conductivity  functions  corresponding  to  the  first  two  of  these  have 
been  shown  to  express  the  results  fairly  satisfactorily  in  all  cases;  but 
this  is  not  true,  especially  at  the  higher  temperatures,  of  the  function  cor- 
responding to  the  last  of  these  expressions.  It  was  in  fact  shown  that 
the  exponent  in  the  expression  corresponding  to  the  general  exponential 
function  C(i  — y)  =  K(Cy)^  has  both  for  hydrochloric  acid  and  sodium 
acetate  values  differing  from  1.5  and  varying  somewhat  with  the  tempera- 
ture (see  table  39). 

The  question  of  the  applicability  of  the  mass-action  law  to  the  results 
with  acetic  acid  at  the  higher  temperatures  is  of  considerable  interest. 
The  values  of  its  ionization-constant  (multiplied  by  10*)  calculated  from 
the  data  of  table  41  by  the  equation  K  =  CyV(l  —  y)  are  given  in  table 
42,  the  concentration  used  in  the  calculation  and  given  in  the  table  being 
expressed  in  equivalents  (not  milli-equivalents)  per  liter. 

Table  42.-1  onisation-constants  (lO^K)  for  acetic  acid. 


Concen- 
trition. 

lg°. 

100°. 

156°. 

218°. 

0.01 
0.03 
0.08 
0.10 

18.15 
18.46 

18.20 

10.85 
11.04 

11.14 

5.23 
5.30 
5.36 

•  *  •  • 

1.61 
1.67 
1.69 
• .  •  • 

It  is  evident  from  these  results  that  the  mass-action  law  holds  true,  at 
least  approximately,  for  this  acid  at  218**,  just  as  it  does  at  18**.  The 
values  given  in  the  last  rows  —  those  for  the  more  concentrated  solutions 
—  are  doubtless  the  best  values  of  the  constant. 

It  will  be  seen  from  table  41  that  the  ionization  of  all  these  substances 
decreases  steadily  with  rising  temperature.  In  0.1  normal  solution  the 
decrease  between  18**  and  218**  is  nearly  the  same  (9  to  11  per  cent)  for 
the  first  three  substances,  and  consequently  their  relative  degrees  of  ioniza- 
tion are  not  much  different  at  the  higher  and  lower  temperatures.  The 
decrease  in  the  case  of  acetic  acid  is  very  great,  the  ionization  at  218**  being 
only  about  one-third  of  that  at  18** ;  moreover,  the  decrease  is  especially 
rapid  above  100**.  Correspondingly,  its  ionization-constant  (given  in  table 
42)  has  decreased  at  100**  to  about  0.6  and  at  218**  to  about  0.1  of  its  value 
at  18°. 
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57.    CONDUCnVTTY  DATA  FOR  MIXTURES  OF  SODIUM  ACETATE 

A^4D  ACETIC  ACID. 

Table  43  gives  the-  results  that  were  obtained  with  the  mixtures  of 
sodium  acetate  and  acetic  acid.  The  values  of  the  conductance  are  the 
measured  values  in  reciprocal  ohms,  multiplied  by  10*  and  corrected  for 
the  instrumental  errors  and  the  lead  resistance.  The  values  of  the  specific 
conductance  were  calculated  from  these  by  applying  the  water-correction 
and  multiplying  by  the  conductance-capacity. 

It  will  be  seen  that  with  the  2  and  76  milli-normal  salt  solutions  the  ini- 
tial and  final  values  of  the  specific  conductance  agree  in  every  case  with- 
in about  0.1  per  cent,  and  that  with  the  10  milli-normal  solution  the  two 
values  differ  on  an  average  by  only  0.2  per  cent.  This  makes  it  improbable 
that  the  results  are  affected  by  an  error  arising  from  contamination  or 
adsorption. 

58.    HYDROLYSIS  OF  SODIUM  ACETATE  AND  IONIZATION  OF  WATER. 

The  increase  in  conductance  due  to  hydrolysis  of  the  salt  can  be  derived 
from  the  data  of  table  43  and  those  obtained  with  sodium  acetate  alone 
(table  35).  It  is  first  necessary  to  subtract  from  the  former  values  the 
conductance  which  the  acetic  acid  itself  possesses  in  the  mixture.  This 
can  be  determined  by  the'  application  of  the  mass-action  law,  which  has 
already  been  shown  to  apply  to  acetic  acid  at  all  the  temperatures.  Accord- 

ing  to  this  law  —^ —=:  K.  Now  Cac  is  substantially  equal  to  the  con- 
centration of  the  ionized  sodium  acetate  in  the  solution,  which  is  readily 
calculated  by  multiplying  its  concentration  (C,)  by  the  corresponding 
ionization  value  (y.)  taken  from  table  41.    The  ionization  of  the  acetic 

acid  -^ —  ^s  then  found  by  dividing  its  ionization-constant  by  this  pro- 

duct,  and  its  specific  conductance  (la)  is  equal  to  the  product  of  this  ion- 
ization value  by  the  concentration  of  the  acid  (Ca)  and  by  its  equivalent 

conductance  when  completely  ionized  (A<>a),  i.  e.,  La=  -7; — .    CaAoa. 

The  specific  conductance  of  the  acid  is  then  subtracted  from  the  specific 
conductance  of  the  mixed  solution,  whereby  the  specific  conductance  of 
the  unhydrolyzed  salt  is  obtained.  It  is  assumed  hereby  that  the  acetic 
acid  has  been  added  in  sufficient  amount  to  reduce  the  hydrolysis  to  a  value 
not  differing  appreciably  from  zero;  that  this  was  the  case  was  proved 
experimentally  by  the  addition  of  varying  amounts  of  acetic  acid,  and  it 
will  also  be  shown  theoretically  that  even  the  smallest  addition  made  in  our 
experiments  must  have  sufficed. 
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The  data  and  results  of  these  calculations  are  given  in  table  44,  which  is 
more  fully  explained  on  page  146. 
Tablk  43.— rA*  conductivtls  data  for  mixtwet  of  sodmm  aeetalt  and  oetHe  acid. 


Dite. 

S' 

Ci)iit«lilt»llonjl4'. 

TtB»<l' 

CaaimH- 

nSr.-.;,. 

^^. 

■*;.ii' 

1904 

Jnly   15... 

III 

1.9925 

l.SM 

18.00 
156.5 
S17.7 

18.00 

:l.030.4 
5.253 
6,660 
1,039.9 

153.34 
772.9 
978.7 
152.56 

Jnly  18... 

III 

2.DOi3 

0.874 

18.00 
168.3 
18.00 

1,027.1 

5,267 

1,026.4 

ISl.fi5 
77S.2 
150.56 

JnlT  IB... 

III 

2.0071 

0.456 

18.00 
156.3 
217.4 

18.00 

i,oig.6 

5,2(18 
6.712 
1,020.7 

150.41 
775.3 
986.5 
149.71 

Jnly  20... 

III 

2.0021 

0.464 

18.00 
155.8 
217.2 

18.00 

1.017.3 
6,245 
6,691 
1,017.9 

150.07 
771.9 
983.3 
149.30 

Jnne    7.. . 

II 

9.987 

5.S3 

13.00 
217.7 

723.4 
4.706 

711.7 
4.610 

June    B... 

II 

10.0S3 

1.951 

18.00 
217.9 

726.9 
4.755 

715.1 
4.658 

June    9... 

II 

10.003 

3.fll 

18.00 
21S.4 

724.7 
4.738 

713.0 
4,642 

Jnne  2a.. 

III 

10.002 

3.50 

18.00 
157.2 
217.9 

18.00 

4.823 

24,673 
31,290 
4,839 

714.9 
3,650 
4.624 

716.4 

June  29.. . 

in 

10.033 

2.739 

18.00 
155.8 
217.6 

18.00 

4,819 
24,588 
30,890 

4.839 

714.4 
3,637 
4,565 

716.4 

.Tnly     7... 

III 

10.016 

2.229 

18.00 
155.9 
217.8 

18.00 

4.827 
24,594 
31.180 

4,828 

715.5 
3,638 
4,608 

714.8 

July     8... 

HI 

10.036 

3.162 

18.00 
217.9 

18.00 

4.833 
31,350 
4,843 

716.4 
4,633 
717.0 

July     9... 

in 

10.015 

2.228 

18.00 
217.9 
18.00 

4,819 
.'11.240 
4,827 

714.4 
4,617 
714.7 

Jane  17.. 

II 

76.18 

20.54 

18.00 

218.3 
18.00 

4.912 
21.402 
30.320 

4.B14 

4,837 
23,998 
29,736 

4,838 

June  20... 

II 

76.06 

20.67 

18.00 
156.0 
217.7 

18.00 

24!o79 
30,100 

4,876 

4,814 
23,654 
29,526 

4.801 

Jnne  24... 

n 

76.08 

20.67 

18.00 
100.08 
156.3 
218.0 

18.00 

4,911 
16.533 
24.361 
30.270 

4.912 

4.836 
16.258 
23.936 
29,686 

4.836 

Section  58. — Hydrolysis  of  Sodium  Acetate. 


145 


Table  44. — Specific  conductance  of  the  constituents  of  the  sodium  acetate  solutions. 


Dite. 

Tcm- 

pera- 

tnre, 

/°. 

2 
18 

Concentration  It /^. 

1 

Specific  condnctance  X  10< 

». 

Differ- 
ence. 

Percent- 
aie  dif- 
ference. 

Salt. 

Acid. 

Mixture. 

Acid  in 
mixtnre. 

8«ltin 
mixture. 

Salt  in 
water  atone. 

1 

3 

4 

6 

6 

7 

6 

9 

10 

July  15. 

1.990 

1.592 

153.34 

5.31 

148.03 

148.35 

0.32 

July  la 

18 

2.002 

0.873 

151.55 

2.90 

148.65 

149.22 

0.57 

July  19. 

18 

2.004 

0.455 

150.41 

1.51 

148.90 

149.43 

0.53 

July  20. 

Mean  . 

June    7. 

18 

•  •  •  • 

IT 

1.999 

0.464 

150.07 

1.54 

148.53 

149.05 

0.52 

9.953 

5.52 

•  ••••• 

3.9 

0.49 

0.33 

711.7 

707.8 

708.9 

1.1 

June    8. 

18 

10.038 

1.949 

715.1 

1.4 

713.7 

714.9 

1.2 

June    9. 

18 

9.989 

3.60 

713.0 

2.5 

710.5 

711.5 

1.0 

June  28. 

18 

9.989 

3.49 

714.9 

2.4 

712.5 

711.5 

—1.0 

June  29. 

18 

10.010 

2.735 

714.4 

1.9 

712.5 

712.9 

0.4 

July     7. 

18 

10.002 

2.222 

715.5 

1.5 

714.0 

712.3 

—1.7 

July     8. 

18 

10.023 

2.159 

716.4 

1.5 

714.9 

713.8 

—1.1 

July     9. 

Mean  . 

June  17. 

18 

•  •  •  • 

IT 

10.001 

2.225 

714.4 

1.5 

712.9 

712.2 

-0.7 

4837 

...... 

—0.1 

0.0 

76.08 

20.51 

2 

4835 

4844 

9 

June  20. 

18 

•75.95 

20.64 

4814 

2 

•4812 

4836 

•24 

June  24. 
Mean  . 

July   15. 

18 

•  •  «  t 

156 

75.98 

20.64 

4836 

2 

4834 

4838 

4 

1.452 

•  ••••• 

6 

0.1 

1.815 

770.8 

4.6 

766.2 

773.0 

6.8 

July   18. 

156 

1.826 

0.796 

773.9 

2.5 

771.4 

777.7 

6.3 

July   19. 

156 

1.829 

0.415 

774.0 

1.3 

772.7 

779.0 

6.3 

July  20. 
Mean  . 

156 

•   •  •  • 

1.824 

0.423 

772.7 

1.3 

771.4 

776.8 

5.4 

1.824 
9.113 

3626 

2 

770.4 

6.2 

0.80 

June  28. 

156 

3.19 

3624 

3637 

15 

June  29. 

156 

9.132 

2.495 

3641 

2 

3639 

3645 

6 

July     7. 

Mean  . 

June  17. 

156 

.... 

156 

9.125 

2.027 

3640 

1 

3639 

3642 

3 

69.41 

23962 

23953 

8 

0.22 

18.72 

2 

23960 

— T 

June  20. 

156 

•69.30 

18.83 

23654 

2 

•23652 

23915 

•263 

June  24. 

Mean  . 

July  15. 

156 

«   •  •  • 

SiT 

69.32 

18.83 

23900 

2 

23898 

23922 

24 

1.680 

1.344 

1.8 

8 

0.05 

979.8 

978.0 

1013.1 

35.1 

July  19. 

218 

1.692 

0.384 

988.5 

0.5 

988.0 

1020.3 

32.3 

July  20. 
Mean  . 

218 
*  •  •  • 

1.688 

0.391 

986.3 

0.5 

986.0 

1017.9 

31.9 

1.687 
8.402 

984.0 

33.1 

3.25 

June    7, 

218 

4.66 

4615 

1 

4614 

4638 

24 

June    8. 

218 

8.473 

1.645 

4660 

0 

4660 

4677 

17 

June    9. 

218 

8.432 

3.04 

4635 

1 

4634 

4654 

20 

June  28. 

218 

8.431 

2.95 

4626 

1 

4625 

4654 

29 

June  29. 

218 

8.454 

2.309 

4571 

1 

4670 

4667 

97 

July     7. 

218 

8.443 

1.875 

4611 

1 

4610 

4661 

51 

July     8. 

218 

8.460 

1.823 

4635 

1 

4634 

4670 

36 

July     9. 

Mean  . 

June  17. 

218 

•  •  •  * 

SiT 

8.442 

1.878 

4619 

1 

4618 

4660 

42 

8.442 
64.22 

4621 

40 

0.85 

17.32 

29716 

1 

29715 

29798 

83 

June  20. 

218 

•64.11 

17.43 

29546 

1 

•29545 

29747 

•202 

June  24. 
Mean  . 

218 

64.13 

17.42 

29686 

1 

29685 

29757 

68 

64.18 

29700 

75 

0.25 

'Values  to  which  »n  asteriak  It  attached  were,  on  account  of  their  large  deriatjon,  omitted 
in  computing  the  mean. 
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The  first  column  of  table  44  contains  the  date,  which  correlates  the  data 
with  those  of  table  43 ;  and  the  second  column,  the  temperature.  The  third 
and  fourth  columns  give  the  concentrations  in  the  mixture  of  the  sodium 
acetate  and  acetic  acid,  respectively,  found  by  dividing  the  concentrations 
at  4**  by  the  specific-volume  ratios.  The  fifth  column  contains  the  specific 
conductance  of  the  mixture,  the  values  at  the  two  higher  temperatures 
being  corrected  so  as  to  correspond  to  the  even  temperatures,  166*  and 
218**.  In  the  sixth  column  is  given  the  specific  conductance  of  the  acetic 
acid  in  the  mixture,  calculated  as  just  described.  The  values  in  the  sev- 
enth column,  which  represent  the  specific  conductance  of  the  unhydrolyzed 
salt,  were  obtained  by  subtracting  those  in  the  sixth  column  from  those 
in  the  fifth.  The  numbers  in  the  eighth  column  show  the  specific  conduct- 
ance of  the  salt  when  present  alone  in  water  at  the  same  concentration ; 
they  were  calculated  by  multiplying  the  equivalent  conductances  given  in 
table  36  by  the  concentration  of  the  salt  in  the  mixture  in  question.  The 
ninth  column  contains  the  differences  between  the  values  of  the  two  pre- 
ceding columns  and  shows  the  decrease  in  specific  conductance  produced 
by  the  addition  of  the  acetic  acid.  The  last  column  shows  the  percentage 
value  of  the  decrease,  referred  to  the  specific  conductance  of  the  unhydro- 
lyzed salt  given  in  the  seventh  column. 

In  connection  with  these  results  it  may  be  first  stated  that  the  values 
of  the  equivalent  conductance  for  unhydrolyzed  sodium  acetate  at  156* 
and  218**  already  included  in  table  36  were  computed  by  dividing  the  mean 
specific  conductance  of  the  "salt  in  mixture,"  given  in  column  7,  of  table 
44  by  the  mean  concentration  given  in  column  3,  and  then  interpolating 
the  values  for  round  concentrations  and  calculating  those  for  zero  concen- 
tration in  the  way  described  in  the  statement  preceding  table  36. 

It  will  be  seen  from  the  values  for  the  percentage  decrease  of  the  spe- 
cific conductance  given  in  the  last  column  of  the  table  that  only  at  218*, 
and  perhaps  in  the  most  dilute  solution  at  156**,  are  the  values  greater  than 
the  probable  experimental  error.  We  shall  therefore  calculate  the  hydrol- 
ysis corresponding  only  to  these  values.  In  order  to  make  this  calcula- 
tion, it  is  necessary  to  know,  in  addition  to  the  foregoing  data,  the  specific 
conductance  of  sodium  hydroxide.  Values  for  the  equivalent  conductance 
of  this  substance  have  recently  been  obtained  by  Noyes  and  Kato  in  this 
laboratory,  and  are  presented  in  table  68,  section  67,  Part  VI.  From  these 
the  specific  conductance  at  any  concentration  can  be  readily  calculated. 
The  values  for  sodium  acetate  at  various  concentrations  are  given  in  the 
foregoing  table  in  the  column  headed  "salt  in  mixture."  The  difference 
in  the  specific  conductances  of  these  two  substances  at  any  concentration 
represents  the  decrease  of  specific  conductance  which  would  be  observed 


Section  58. — Hydrolysis  of  Sodium  Acetate. 


147 


if  the  total  quantity  of  sodium  hydroxide  in  a  solution  of  it  were  trans- 
formed into  sodium  acetate.  Assuming  now  for  the  moment  that  the 
degree  of  ionization  of  each  of  the  two  substances  in  a  mixture  of  them  is 
substantially  the  same  as  if  it  were  present  alone  at  the  same  total  concen- 
tration, it  is  evident  that  the  ratio  of  the  observed  decrease  in  specific  con- 
ductance produced  by  the  addition  of  the  acetic  acid  to  this  calculated  dif- 
ference in  the  specific  conductances  of  the  two  substances  is  equal  to  the 
degree  of  hydrolysis  of  the  salt  or  to  the  proportion  of  it  that  exists  in 
the  state  of  hydroxide ;  provided,  of  course,  the  addition  of  acid  has  been 
sufficient  to  reduce  the  hydrolysis  to  appreciably  zero.  That  the  actual 
ionization  relations  are  in  fact  those  just  assumed  will  be  evident  from 
the  following  considerations.  Since  the  hydrolysis  is  small,  the  concentra- 
tion of  the  sodium  acetate  will  not  be  greatly  changed  when  the  hydroxide 
is  converted  to  acetate,  and,  therefore,  the  new  sodium  acetate  will  have  a 
degree  of  ionization  and  equivalent  conductance  substantially  equal  to  that 
of  the  main  quantity  of  the  salt.  Moreover,  even  though  the  hydroxide 
exists  in  the  presence  of  a  much  larger  proportion  of  the  acetate,  its  degree 
of  ionization  and  equivalent  conductance  will  have  that  value  which  it 
would  have  if  it  were  present  alone  in  water  at  a  concentration  approxi- 
mately equal  to  the  concentration  of  the  acetate,  in  virtue  of  the  principle 
that,  in  a  mixture  of  two  largely  and  nearly  equally  ionized  electrolytes, 
each  has  that  degree  of  ionization  which  it  has  when  present  alone  at  a 
concentration  equal  to  the  sum  of  the  concentrations  of  the  two  electro- 
lytes.* 

The  following  table  contains  the  results  of  the  calculation  of  the  hydrol- 
ysis and  also  the  data  upon  which  it  is  based.  The  values  given  in  the 
third  and  sixth  columns  are  taken  directly  from  table  44.  Those  in  the 
fourth  were  obtained  by  interpolating  g^raphically  the  equivalent  conduct- 
ance of  sodium  hydroxide  from  the  results  of  Noyes  and  Kato  and  multi- 
plying it  by  the  concentration  given  in  the  second  column. 

Table  45. — Hydrolysis  of  sodium  acetate. 


Tenper- 
atnre(/^) 

Concen- 
tration 
at/o. 

Specific  condnctance  X  10*. 

Per- 
centace 
hydrol- 

ytit. 

Unhydro- 

Ijrxed 

acetate. 

Sodinm 
hydroxide. 

Difference 

between 

hydroxide 

and  acetate. 

Obeerred  differ- 

hydrolyxed  and 

nnhydrolyzcd 

acetate. 

156 
218 
218 
218 

1.824 
1.687 
8.442 
64.18 

770.4 
984.0 
4^621 
29,700 

1,484 

1,738 

8,196 

55,390 

713.6 
754 
3,575 
25,690 

6.2 
33.1 
40 
75 

0.87 
4.34 
1.12 
0.29 

*See  Noyes,  Congress  of  Arts  and  Science,  St  Louis  Exposition,  4,  318  (1904) ; 
Science,  20,  577-87  (1904) ;  Technology  Quart.,  17,  301  (1904). 
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It  is  of  interest  in  the  first  place  to  compare  the  hydrolysis  at  156*  and 
218**  with  that  at  18**.  For  this  purpose  we  will  select  the  values  obtained 
at  a  concentration  of  1.82  or  1.69  milli-normal ;  for  these  are  probably  the 
most  accurate  of  our  results,  since  the  hydrolysis  was  largest  in  these 
cases.  At  this  concentration  the  degree  of  hydrolysis  of  the  sodium  ace- 
tate is  0.87  per  cent  at  166**  and  4.3  per  cent  at  218*,  while  at  18**  the  value 
calculated  from  the  ionization  constants  of  water  and  acetic  acid  is  only 
0.07  per  cent.  The  effect  of  temperature  is  therefore  enormous.  This 
arises  in  part  from  the  decrease  in  ionization  of  the  acetic  acid,  which  has 
been  already  considered,  but  in  still  larger  measure  from  an  increase  in 
the  ionization  of  water,  as  will  now  be  shown. 

The  mass-action  formula  applicable  to  a  hydrolysis  of  this  type,  where 
the  salt  and  base  can  be  regarded  as  equally  ionized,  and  the  acid  as  un- 

ionized  is  ^  .  =:  -j^  where  h  is  the  fraction  hydrolyzed,  C  is  the  con- 
centration of  the  salt,  and  ^w  and  Kk  are  the  ionization-constants  of  the 
water  and  acid  respectively.  By  means  of  this  the  ionization-constant  of 
the  water  at  218**  can  be  calculated,  since  the  other  three  quantities  in- 
volved are  known. 

This  calculation  has  been  made  with  the  help  of  the  hydrolysis  values 
of  table  45  and  the  ionization-constants  given  in  table  42.  The  data  and 
results  of  the  calculation  (with  the  concentrations  expressed  in  equiv- 
alents per  liter)  are  given  in  table  46.  By  Cn  is  to  be  understood  the  con- 
centration of  the  hydrogen  (or  hydroxide)  ions  in  pure  water,  the  values 
being  equal  to  the  square  root  of  K^, 


Table  46. — Ionization-constants  of  water. 


t 

C 

100* 

10*Ka 

10"K, 

io'c„ 

18 
156 
218 
218 

0.00182 
0.00169 
0.00844 

•  •  •  • 

0.87 
4.34 
1.12 

.... 

5.36 
1.69 
1.69 

0.64 
75 
562 
182 

0.80 
8.7 

24 

14 

It  will  be  seen  that  the  ionization-constant  of  water  is  115  times  as 
great  at  156**  and  580  times  as  great  at  218**  as  it  is  at  18**,  for  which  tem- 
perature we  have  inserted  the  values  derived  by  Kohlrausch  and  Heyd- 
weiller*  from  the  conductivity  of  the  purest  water  obtained  by  them.  Cor- 
respondingly, the  ionization  itself  or  the  concentration  of  the  hydrogen 

♦Wicd.  Ann.   Phys.,  53,  234    (1894).     Sec  also  Nernst,  Thcorctischc  Chemie, 
4te  Au6.,  p.  644. 
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and  hydroxide  ions  in  it  is  11  times  as  great  at  156"",  and  24  times  as  great 
at  218%  as  it  is  at  18*. 

The  disagreement  between  the  two  values  of  the  ionization-constant 
at  218''  derived  from  the  hydrolysis  data  at  different  concentrations  is 
doubtless  due  to  experimental  error  in  these  data,  and  shows  that  that 
error  is  large.  These  values  of  the  ionization-constant  are  therefore  to  be 
regarded  only  as  very  rough  approximations.  Far  more  reliable  and  accu- 
rate values  have  been  since  obtained  by  a  similar  investigation  of  the  much 
more  hydrolyzed  ammonimn  acetate  made  in  this  laboratory  by  Noyes  and 
Kato  and  by  R.  B.  Sosman  and  presented  in  Parts  VI  and  VII  of  this 
publication. 

59.    SUMMARY. 

In  this  article  have  been  presented  the  results  of  conductivity  measure- 
ments at  concentrations  varying  from  0.0005  to  0.1  normal  and  at  the 
temperatures  18**,  100**,  156**,  and  218**  for  solutions  of  hydrochloric  acid, 
sodium  chloride,  acetic  acid,  and  of  sodium  acetate  alone  and  in  the  pres- 
ence of  an  excess  of  acetic  acid.  The  equivalent  conductance  of  these  sub- 
stances at  zero  concentration  was  determined  by  extrapolation  or  through 
the  law  of  independent  migration- velocity ;  and  the  ionization  at  the  vari- 
ous concentrations  was  calculated.  The  hydrolysis  of  sodium  acetate  at 
156**  and  218*"  was  also  roughly  determined  from  the  decrease  in  conduct- 
ance produced  by  adding  acetic  acid  to  its  solution ;  and  from  this  hydrol- 
ysis and  the  ionization-constant  of  acetic  acid,  the  ionization  of  water  itself 
was  estimated. 

The  equivalent  conductances  at  zero  concentration  of  hydrochloric  acid 
and  sodium  acetate  both  approach  that  of  potassium  or  sodium  chloride 
as  the  temperature  rises,  thus  again  exemplifying  the  principle  that 
the  relative  velocities  of  different  ions  approach  equality  with  rising 
temperature. 

The  ionization  (y)  both  of  hydrochloric  acid  and  of  sodium  acetate, 
though  the  former  is  several  per  cent  larger,  and  the  latter  several  per  cent 
smaller,  under  comparable  conditions,  than  that  of  the  neutral  salts  of 
the  same  type  previously  investigated  (see  Parts  II  and  IV),  yet  varies 
with  the  concentration  (C)  according  to  the  same  exponential  law, 
(Cy)»/C(l  —  y)  =  const,  where  n  =  1.38  to  1.47,  as  does  that  of  the 
other  uni-univalent  substances.  The  ionization  of  both  these  substances 
decreases  with  rising  temperature,  slowly  between  18**  and  100**,  but 
more  rapidly  at  the  higher  temperatures.  The  ionization  of  acetic 
acid  also  decreases  steadily  with  increasing  temperature,  its  ionization- 
constants  multiplied  by  10«  being  18.2  at  18%  11.1  at  100*,  5.4  at  156%  and 
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1.69  at  218**.    It  conforms  fairly  well  to  the  mass-action  law  at  all  tem- 
peratures. 

The  hydrolysis  of  sodium  acetate  proved  to  be  rather  small  even  at 
218**,  being  only  about  1  per  cent  in  0.01  normal  solution,  and  could  not 
therefore  be  accurately  determined.  A  rough  estimate  of  the  ionization- 
constant  of  water  (Kw  ^  Ch  X  Coh)  based  on  the  hydrolysis  data  gave  at 
218**  the  value  372  X  10"^*,  which,  when  compared  with  the  value  at  18* 
(0.6  X  10"^*),  shows  the  enormous  increase  produced  by  temperature. 


Part  VI . 

Conductivity  and  Ionization  of  Sodium  Hydroxide 
UP  TO  218''  AND  OF  Ammonium  Hydroxide  and 
Chloride  up  to  156^.  Hydrolysis  of  Am- 
monium Acetate  and  Ionization  of 
Water  at  100°  and  156°. 

By  Arthur  A.  Noybs  and  Yogoro  Kato. 


li 


II 


Part  VI. 

CONDUCTIVITY  AND  IONIZATION  OF  SODIUM  HYDROXIDE  UP  TO 

218^^  AND  OF  AMMONIUM  HYDROXIDE  AND  CHLORIDE  UP 

TO  I56^   HYDROLYSIS  OF  AMMONIUM  ACETATE  AND 

IONIZATION  OF  WATER  AT  100°  AND  I56^ 


60.     OUTLINE  OF  THE  INVESTIGATION. 

The  investigation  of  Noyes  and  Cooper  (Part  V)  having  shown  that 
the  hydrolysis  of  sodium  acetate  was  not  great  enough  at  lOO""  or  156**  to 
permit  of  the  calculation  of  the  ionization  of  water,  we  were  led  to  under- 
take a  similar  study  at  these  temperatures  of  amnaonium  acetate,  a  salt 
of  a  much  weaker  base  whose  hydrolysis  would  therefore  be  far  more 
considerable.  In  this  case  it  would  be  practicable  to  reduce  the  hydrolysis 
by  the  addition  of  an  excess  both  of  the  acid  and  of  the  base,  since  both 
are  only  slightly  conducting  substances;  and  there  would  result  an 
increase  (instead  of  decrease)  of  conductivity  corresponding  almost  exactly 
to  that  of  the  new  quantity  of  ammonium  acetate  thereby  produced  out  of 
the  free  acid  and  base  originally  present.  As  it  would,  however,  hardly 
be  possible  in  this  case  to  reduce  the  hydrolysis  completely  to  zero,  the 
equivalent  conductance  of  the  unhydrolyzed  salt  can  not  be  directly  meas- 
ured, and  must  therefore  be  regarded  as  an  unknown  quantity,  but  this 
can  be  eliminated  by  making  conductivity  measurements  with  different 
quantities  of  acid  or  base  added. 

The  calculation  of  the  ionization-constant  (Kw)  of  water  from  the 
hydrolysis  (h)  of  the  salt,  which  is  made  approximately  by  the  mass- 

action  expression  Kw  =  KaKbtz ^Ya*  involves  a  knowledge  of  the  ioni- 

zation-constants  (Ka  and  Kb)  of  the  acid  and  the  base.  That  of  acetic 
acid  at  the  temperatures  in  question  has  already  been  determined  by  Noyes 
and  Cooper  (section  56,  Part  V) ;  but  no  data  in  regard  to  anmionium 
hydroxide  exist.  We  therefore  first  investigated  the  conductivity  of  this 
base  at  100*"  and  156*"  (making  also  a  few  measurements  at  51^,  75^,  and 
125**  to  assist  in  appl3ring  the  temperature  corrections) ;  and,  in  addition, 
in  order  to  obtain  the  data  for  calculating  with  the  help  of  the  law  of  the 
independent  migration  of  the  ions  the  equivalent  conductance  Ao  of  the 
completely  ionized  base,  we  determined  the  conductivity  of  sodium  hy- 
droxide and  of  ammonium  chloride  at  lOO""  and  156''  at  low  concentratioas 
(0.002  and  0.012  normal).    The  measurements  with  sodium  hydroxide 
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were  extended  to  218**,  as  the  data  at  this  temperature  were  needed  in 
interpreting  the  results  of  Noyes  and  Cooper ;  and  also  to  the  higher  con- 
centration of  0.05  normal  on  account  of  the  interest  attaching  to  the 
results  themselves. 

After  describing  the  apparatus  and  method  used  in  all  the  experiments 
and  the  preparation  of  the  solutions,  we  will  first  present  the  results  ob- 
tained with  the  three  substances  last  referred  to,  and  then  in  separate 
sections  will  present  and  discuss  the  hydrolysis  experiments  with  ammo* 
nium  acetate. 

61.  APPARATUS  AND  METHOD  OF  PROCEDURE. 

The  same  bomb  was  employed  as  in  the  investigation  of  Noyes  and 
Cooper  (section  47,  Part  V)  in  the  form  designated  by  them  as  cell  ni, 
that  is,  with  a  cylindrical  platinized  platinum-iridium  electrode.  The  same 
heaters  were  also  used.  The  measurements  at  51*",  75"",  and  125''  with  the 
ammonium  hydroxide  solutions  were  made  in  the  liquid  xylene  bath  com- 
monly used  at  18**.  It  was  heated  electrically  by  means  of  a  nickel-steel 
resistance  coil  immersed  in  the  xylene.  The  same  three  thermometers 
were  used  in  the  18^  100^  166%  and  218**  baths  as  before.  That  used  at 
166**  and  218*  was  also  employed  in  the  few  measurements  at  126'.  The 
100**  point  of  the  French  thermometer  (No.  66650)  used  in  the  bromben- 
zene  and  naphthalene  vapor-baths  was  frequently  tested  by  heating  in  steam 
in  the  usual  Regnault  apparatus.  The  Beckmann  thermometer  used  in 
the  100*  bath  was  similarly  tested.  As  in  all  the  preceding  researches,  the 
temperatures  above  100"  were  reduced  to  the  hydrogen-gas  scale  by  means 
of  Crafts's  table  of  corrections  after  modifying  them  in  accordance  with 
the  lower  value  for  the  boiling  point  of  pure  naphthalene  found  by 
Jaquerod  and  Wassmer.  A  fourth  thermometer  was  employed  in  deter- 
mining the  temperature  of  the  liquid  xylene  bath  when  used  at  61*  and  76*. 
This  thermometer  was  standardized  by  comparison  with  a  thermometer 
certified  by  the  deutsche  physikalisch-technische  Reichsanstalt.  A  new 
conductivity  measuring  apparatus  of  the  roller  type  described  by  Kohl- 
rausch  and  Holbom*  was  employed.  It  was  calibrated  as  described  in  the 
preceding  parts.  The  maximum  correction  on  the  bridge-ratio  at  any 
point  was  0.06  per  cent,  that  on  the  resistance  coils  0.02  per  cent,  but 
these  corrections  were  always  applied.  The  induction-coil  was  a  small 
one  of  the  ordinary  form.  The  procedure  followed  in  the  experi- 
ments was  nearly  the  same  as  in  the  preceding  investigation.  In  fill- 
ing the  bomb  with  the  solutions  especial  care  was  taken  to  avoid  con- 
tamination from  the  carbon  dioxide  of  the  air.  Some  of  the  solution 
was  forced  by  purified  compressed  air  out  of  the  bottle  containing  it 

*Leitvermogen  der  Elektrolyte,  1898,  p.  42,  fig.  37. 
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into  a  pipette  filled  with  purified  air,  and  this  solution  was  run  into  the 
bomb  which  was  kept  covered  with  a  perforated  watch-glass.  (Some  of 
the  same  solution  had  usually  been  left  standing  in  the  bomb  over  night.) 
The  liquid  was  shaken  around  the  sides  of  the  bomb  and  poured  out  by 
slightly  raising  the  watch-glass.  This  rinsing  process  was  twice  again  re- 
peated. Then  a  quantity  of  solution  sufficient  to  nearly  fill  the  bomb  at  the 
highest  temperature  (166*  or  218*)  to  which  the  experiment  was  to  be 
carried  was  forced  into  the  pipette  (one  of  suitable  capacity,  113  or  104 
c.cm.,  with  an  appropriate  mark  on  the  stem  being  used),  and  was  run 
into  the  bomb,  whereupon  the  watch-glass  was  removed  and  inmfiediately 
replaced  by  the  cover,  which  had  been  previously  rinsed  with  solution  and 
placed  bottom  downwards  on  washed  filtered  paper,  which  removed  most 
of  the  adhering  solution.  Experience  showed  that  portions  of  the  same 
1/30  normal  (or  even  1/100  normal)  ammonium  hydroxide  solution,  al- 
though extremely  sensitive  to  contamination  by  carbon  dioxide,  could  be 
successively  introduced  into  the  bomb  in  this  way  without  showing  a 
greater  difference  in  conductance  than  0.1  per  cent.  In  the  sodium 
hydroxide  experiments,  the  air  pressure  in  the  bomb  was  reduced  after 
closing  it  to  2  to  4  cm.  mercury,  but  with  the  solutions  of  the  other  sub- 
stances (which  were  carried  only  to  166**)  the  air  was  not  exhausted.  At 
each  temperature  after  the  bomb  had  nearly  attained  the  temperature  of 
the  bath  it  was  removed,  shaken,  and  at  once  returned  to  the  bath.  After 
the  conductance  seemed  constant,  a  series  of  three  readings  was  made  at 
6-minute  intervals  and  the  mean  of  these  was  taken;  except  that  in  the 
case  of  sodimn  hydroxide  at  218*,  where  a  slow  progressive  decrease  of 
conductance  was  observed,  the  maximum  value  was  taken.*  In  the  case 
of  this  substance  at  218*,  moreover,  in  order  to  reduce  the  contamination, 
the  solution  was  transferred  from  the  18*  directly  to  the  218*  bath,  and 
the  values  at  100*  and  166*  were  determined  by  separate  experiments. 
In  almost  all  experiments  the  conductance  was  remeasured  at  18*  after  the 
heatings  as  a  check  upon  the  contamination. 

'*That  the  pro^essive  change  was  not  very  large  with  even  a  4-milli-normal  sodium 
hydroxide  solution  at  218*  is  shown  t^  the  foflowing  conductance  values  obtained 
with  such  a  solution  at  the  times  after  the  bomb  ¥ras  introduced  into  the  218*  bath 
that  are  shown  in  the  first  column  of  the  table.  Shaking  the  bomb  caused  very 
little  change  in  the  conductance. 
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62.    PREPARATION  OF  THE  SUBSTANCES  AND  SOLUTIONS. 

Two  separate  solutions  of  sodium  hydroxide  were  used  in  this  work. 
Each  was  prepared  by  mixing  a  solution  of  sodium  sulphate  with  one 
of  barium  hydroxide.  These  two  substances  were  first  purified  by  crystal- 
lizing commercial  "chemically  pure"  samples  four  times  from  water.  The 
sodium  sulphate  was  then  tested  for  impurities  with  negative  results  by 
adding  ammonia,  ammonium  carbonate,  and  sodium  phosphate.  The 
barium  hydroxide  was  first  tested  for  silica  or  other  insoluble  matter  and 
for  other  metals  than  baritun,  but  these  were  not  present  in  appreciable 
quantity.'*'  In  preparing  the  sodimn  hydroxide  solutions,  a  nearly  satu- 
rated barium  hydroxide  solution  was  first  made  up  with  conductivit}*  water 
and  filtered  into  a  tared  7-liter  bottle  filled  with  carbon-dioxide-free  air; 
the  exact  strength  of  this  solution  was  next  determined  by  titrating  a 
portion  with  standard  hydrochloric  acid,  and  the  quantity  of  it  was  ascer- 
tained by  weighing  the  bottle ;  a  quantity  of  sodium  sulphate  equivalent  to 
the  barium  hydroxide  was  then  weighed  out,  dissolved  in  water,  and  run 
into  the  bottle.  After  the  precipitate  had  settled,  two  portions  of  the  clear 
solution  were  drawn  out,  and  one  was  analyzed  for  barium  by  neutralizing 
with  sulphuric  acid  and  adding  considerable  sodium  sulphate,  the  other  for 
sulphate  by  neutralizing  with  hydrochloric  acid  and  adding  considerable 
barium  chloride.f  Then  a  quantity  of  sodium  sulphate  or  of  barium  hy- 
droxide solution  corresponding  to  the  excess  of  barium  or  sulphate  thus 
found  to  be  present  was  added  to  the  main  solution;  and  this  solution, 
after  the  precipitate  had  completely  settled,  was  forced  over  into  a  clean 
dry  bottle.  Throughout  these  operations  and  in  the  subsequent  use  of  the 
solution  any  air  that  was  admitted  to  the  bottle  had  to  bubble  through 
potash  solution  and  soda-lime  tubes.  The  final  solution  contained  less 
than  0.1  per  cent  of  barium  sulphate  (expressed  in  equivalents  and  referred 
to  the  sodium  hydroxide  present). $  It  was  standardized  by  weight 
using  phenolphthalein  as  an  indicator  against  a  pure  hydrochloric  acid 

^This  was  done  by  evaporating  5  g^ams  of  the  solution  with  hydrochloric  acid, 
dissolving  the  salt  in  water,  and  collecting  the  residue,  which  was  found  to  wei^ 
2.5  mg.  or  0.05  per  cent  of  the  original  weight,  but  of  this  only  0.5  mg.  or  0.01  per 
cent  volatilized  with  hydrofluoric  acid.  To  the  filtrate  from  the  residue  a  slight  excess 
of  sulphuric  acid  was  added,  the  precipitate  filtered  out,  the  filtrate  evaporated,  and 
the  residue  ignited  and  weighed ;  it  was  found  to  weigh  only  1  mg.  or  0.02  per  cent 

fThus  in  the  case  of  the  second  solution  so  prepared,  there  was  found  to  be  an 
excess  of  barium  of  0.13  and  of  sulphate  of  0.08  milli-equivalents  per  kilogram;  and 
therefore  0.05  milli-equivalents  of  sodium  sulphate  were  added  for  each  kilogram  of 
solution. 

tThus  it  follows  from  the  data  of  the  preceding  note  that  the  second  solution  con- 
tained 0.08  milli-equivalents  BaSOi  per  kilog^ram,  which  is  0.08  per  cent  of  the  NaOH 
present   (105.3  milli-equivalents). 
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solution  whose  content  had  been  determined  by  precipitation  with  silver 
nitrate  to  be  137.37  milli-equivalents  per  kilogram  of  solution.* 

Solution  No.  1  was  thus  found  to  contain  151.00  milli-equivalents 
NaOH  per  kilc^^ram ;  solution  No.  2,  105.32  milli-equivalents.  The  more 
dilute  solutions  (0.05  to  0.002  normal),  whose  conductance  was  actually 
measured,  were  prepared  from  these  stock  solutions  by  adding  weighed 
portions  of  them  to  weighed  quantities  of  water.  The  water  used  for  50 
and  20  milli-normal  solutions  had  a  specific  conductance  at  18**  of 
0.9  X  10-* ;  that  used  for  the  diluter  solutions  one  of  0.6  X  lO"*.  Two  or 
three  independently  diluted  solutions  were  always  prepared  at  the  concen- 
trations of  4-  and  2-milli-normal.  The  reduction  of  content  from  milli- 
equivalents  per  kilog^ram  to  milli-equivalents  per  liter  at  4""  was  made  with 
the  help  of  the  specific  g^vity  (1.002)  in  the  case  of  the  50  milli-normal 
solution ;  but  this  correction  was  insignificant  and  was  not  applied  in  the 
case  of  the  more  dilute  solutions.f 

Three  separate  stock  solutions  of  ammonium  hydroxide,  each  approxi- 
mately 0.1  normal,  were  prepared  in  the  course  of  the  work  from  water  of 
conductivity  0.5  -  0.8  X  10"*  and  from  a  "strictly  chemically  pure"  sample 
of  ammonia  water  (sp.  gr.  0.90)  furnished  by  Baker  and  Adamson  of 
Easton,  Pennsylvania,  and  stated  to  be  free  from  amines  and  hydrocar- 
bons.   Ten  cubic  centimeters  of  the  strong  ammonia  yielded  only  1  mgm. 

^Derived  from  the  following  data: 

Grams  solution  taken 112.84       106.68         91.81 

Grams  AgCl  obuined 2.2121       2.0988       1.7994 

Milli-equiv.  per  kUogram.  .187.84       187.84       187.44 

The  weights  of  silver  chloride  were  reduced  to  vacuo.  The  atomic  weights  used 
were  Ag=  107.93,  CI  =  35.45.  The  equivalent  conductance  of  the  solution  was  also 
determined  at  18**  in  a  U-shaped  cell  and  found  to  be  348.0  while  Goodwin  and 
Haskell  (Phys.  Rev.,  19,  382,  1904)  found  347.8  for  the  same  solution. 

fAfter  the  conductance  measurements  were  completed  481.3  grams  of  the  seoond 
solution  were  (December  12,  1904)  acidified  with  hydrochloric  acid,  evaporated  to 
dryness,  and  the  residue  was  heated  to  200^  and  weighed;  it  amounted  to  2.997 
grams,  which  if  regarded  as  NaCl  would  correspond  to  a  content  of  106.5  millimols 
per  kilogram  solution  while  that  found  earlier  by  titration  was  105.3.  Esqactly  one- 
half  of  mis  excess  of  1.1  per  cent  was  found  to  be  due  to  silica  (or  some  other  sub- 
stance insoluble  in  strong  acid),  which  had  apparently  been  taken  up  from  the  bottle 
since  the  solution  was  first  prq>ared  (October  22,  1904).  About  one-half  of  the 
remainder  consisted  of  barium  sulphate  or  sodium  sulphate;  for  this  amount  was 
precipitated  when  barium  chloride  was  added  to  the  nitrate  from  the  silica  after 
evaporation  to  remove  die  acid  present  These  impurities  certainly  could  not  have 
nearly  so  great  a  percentage  effect  on  the  conductance  as  upon  the  total  solid-con- 
tent both  because  of  their  having  a  lesser  equivalent  conductance  than  the  base, 
and  because  they  tend  to  compensate  each  other,  acids  like  silica  reducing  and  salts 
increasing  die  conductance.  Still  their  presence  might  possibly  give  rise  to  an  error 
of  0.5  per  cent  in  the  equivalent  conductance  of  the  base.  Inat  the  stock  solution 
was  not  much  contaminated  with  carbonic  acid  was  shown  by  the  fact  that  even  at 
the  end  of  the  measurements  it  gave  no  precipitate  with  a  large  Quantity  of  barium 
hydroxide.  The  conductance  of  a  2-millimolal  solution  prepared  from  the  second 
stock  solution  on  December  1  to  4  was  greater  than  that  of  one  so  prepared  on 
November  10  b^  only  0.2  per  cent  at  18",  which  is  within  the  experimental  error  at 
that  concentration,  showing  that  little  if  any  change  with  fhe  time  took  place. 
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of  residue ;  and  a  combustion  of  0.86  grams  of  solution  (containing  0.60 
gram  or  14.3  millimols  NH^OH)  gave  2.2  mg.  BaCO,*  corresponding 
to  0.6  mg.  or  0.011  millimol  CO,.  Special  precautions  were  taken  to 
exclude  carbon  dioxide  in  diluting  the  solution.  Neither  the  original  sam- 
ple nor  the  stock  solution  prepared  from  it  gave  the  slightest  turbidity 
with  barium  hydroxide  even  on  standing.  The  absence  of  any  consider- 
able impurity  is  also  confirmed  by  the  agreement  (within  0,01  per  cent)  of 
the  conductance  of  the  stock  solutions  with  that  of  one  prepared  by 
R.  B.  Sosman  in  this  laboratory  from  liquid  ammonia  distilled  from 
sodium.  The  three  separate  solutions  prepared  by  us  at  different  times  also 
agreed  in  conductance  within  0.1  per  cent.  These  stock  solutions  were 
standardized  by  titration,  using  methyl  orange  as  an  indicator,  against  a 
new  hydrochloric  acid  solution  which  by  precipitation  with  silver  nitrate 
was  found  to  contain  115.38  milli-equivalents  per  kilogram  solution.t  The 
more  dilute  solutions  (30  and  10  milli-normal)  were  prepared  from 
weighed  portions  of  the  stock  solutions  by  adding  weighed  quantities  of 
water  of  specific  conductance  0.5  X  10"*  entirely  out  of  contact  with  air 
containing  carbon-dioxide.  No  correction  was  applied  to  reduce  the  con- 
tent-by-weight to  volume  concentration  at  4*,  since  this  amounted  to  less 
than  0.1  per  cent  even  with  the  100  milli-normal  solution.  The  concentra- 
tions of  the  three  stock  solutions  in  milli-equivalents  per  liter  at  4*  were 
as  follows:    No.  1,  97.07;  No.  2,  99.90;  No.  3,  102.59.t 

The  ammonium  chloride  used  was  made  by  neutralizing  some  of  the 
"strictly  chemically  pure"  ammonia  water  above  referred  to  with  freshly 
distilled  "chemically  pure"  hydrochloric  acid,  and  crystallizing  the  salt  three 
times  from  hot  water  by  cooling.    The  salt  was  dried  by  heating  in  an  open 

'*'The  products  of  combustion  were  passed  through  barium  hydroxide  solution  and 
the  precipitate  filtered  off  out  of  contact  with  the  atmosphere  and  weighed. 

tDerived  from  the  following  data: 

Solution  taken  (grams).  10 3. 65       104.31       148.07     103.17       104.6 
AgO  obtained  (grams).     1.7189       1.7272       2.461       1.7094       1.722 
Millimols  per  kilogram.115.44       115.48       116.46     116.56       115.5 

The  mean  of  these  values  is  115.49,  which  reduced  to  vacuo  becomes  115.38.  The 
equivalent  conductance  at  18**  was  found  to  be  349.9  while  the  value  of  Goodwin 
and  Haskell  interpolated  for  this  concentration  is  350.2. 

JDerived  from  the  following  data: 

Stock   Solution   No.    1: 

Solution  taken  (grams).  182.78  178.86  119.07 
HQ  solution  used  do.  .  163.79  150.51  100.16 
Milli-equiv.  per  kilogram.      97.07  97.08  97.06 

The  mean  of  these  values  is  97.07. 

Stock   Solution   No.    2: 

Solution  taken   (grams).  162.25        138.78        116.65 

HQ  solution  used      do.  .   140.61         115.84         100.95 

Milli-equiv.  per  kUogram.      99.92  99.91  99.87 

The  mean  of  these  values  is  99.90. 

Stock   Solution   No.    8: 

Solution  taken   (grams).  161.77        179.50        116.47 

HQ  solution  used     do.  .  148.84         159.68        108.68 

Milli-equiv.  per  kilogram.    102.59         102.61         102.68 

The  mean  of  these  values  is  102.59. 
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dish  in  a  slow  current  of  dry  air  at  105*.  The  loss  of  weight  became  con- 
tinuous and  quite  uniform  being  due  doubtless  to  vaporization  of  the  salt. 
A  nearly  0.1  normal  solution  was  made  by  weighing  out  the  salt  and  dis- 
solving in  a  weighed  quantity  of  water.  The  exact  content  was  93.66 
millimols  per  kilogram  solution,  and  this  agreed  closely  with  the  content 
(93.64)  determined  as  a  check  by  precipitation  with  silver  nitrate.*  In 
most  of  the  experiments  with  this  salt  about  -^  an  equivalent  of  ammo- 
nium hydroxide  for  each  equivalent  of  salt  was  added,  in  order  to  make 
the  hydrolysis  inappreciable.  The  ammonium  hydroxide  solution  used 
for  this  purpose  was  a  fourth  one,  about  0.1  normal,  freshly  prepared  from 
the  strong  ammonia ;  its  conductance  was  about  the  same  as  that  of  the 
other  solutions  when  freshly  prepared. 

A  stock  solution  of  ammonium  acetate,  approximately  50  milli-normal, 
was  prepared  by  mixing  a  definite  weight  of  ammonium  hydroxide  solu- 
tion (No.  3),  with  that  weight  of  an  approximately  100  milli-normal 
acetic  acid  solution  which  contained  a  quantity  of  the  acid  exactly  equiva- 
lent to  the  base.  This  acetic  acid  solution  was  made  by  diluting  with 
water  of  specific  conductance  0.8  X  10"*  glacial  acetic  acid  purified  by 
fractional  freezing  and  by  distillation.  It  was  standardized,  using  phen- 
olphthalein  as  an  indicator  against  a  barium  hydroxide  solution  which  had 
been  titrated  against  the  hydrochloric  acid  solution  last  referred  to.  The 
exact  concentration  of  this  acetic  acid  solution  was  105.58  milli-equivalents 
per  liter  at  4*  (105.44  at  18*)  and  its  equivalent  conductance  (not  cor- 
rected for  the  conductance  of  the  water)  was  4.57.  The  value  obtained 
by  Noyes  and  Cooper  (interpolated  by  the  equation  A*C  =  const.)  for  this 
concentration  was  4.55,  in  as  good  agreement  as  could  be  expected  with 
entirely  independent  samples  and  solutions. 

63.  THE  OONDUCTANCE-CAPACrrY  OF  THE  APPARATUS. 

The  conductance-capacity  of  the  bomb  was  determined  by  measuring 
the  actual  conductance  at  IT.SS""  of  0.02  and  0.01  normal  potassium  chlor- 
ide solutions  prepared  by  dissolving  1.4910  or  0.7455  gm.  of  salt  (weighed 
in  air)  in  one  liter  of  water  (of  conductivity  0.7-0.9  X  10^  at  18')  at 
18"*,  and  dividing  this  after  correcting  for  temperature  and  conductance 
of  the  water  into  the  specific  conductances  of  these  solutions  (2399 
or  1224.3  X  10^)  corresponding  to  the  equivalent  conductances  at  18* 
given  by  Kohlrausch  and  Maltbyf  (119.96  or  122.43). 

*As  shown  by  the  following  data : 

Solution  taken  (graaM).     89.61         98.64       122.61 
Aflfl  obtained  <cranw).       1.2080       1.8260       1.6481 
MilUmola  per  Uogram.     98.74         98.69         98.76 

The  mean  is  93.73  or  when  the  weights  are  reduced  to  vacuo  it  becomes  93.64. 
fLandolt-Bomstein-MQrerhoffer,  Tabellen,  744  (1906). 
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The  following  are  the  data  of  these  determinations,  all  of  which  were 
made  at  Vt.^y : 

Table  47. — Conductance-capacity  of  the  bomb. 


Date. 

Milli-cqaiTt- 

lenti  per 
liter  at  IflP. 

Condnctance  X  10*. 

Condnctance- 
capacity. 

Obterred. 

Corrected.* 

Sept   30,   1904 

Sept   30,   1904 

Feb.    16,    1905 

Feb.    16,    1905 

Feb.    16,    1905 

Feb.  16,  1905 

June    4,  1905 

June    4,  1905 

Final   mean 

20.00 

44 

44 

44 

10.00 

44 

10.00 

44 

16,176 

16,183 

16,190 

16,188 

8,269 

8,271 

8,268 

8,269 

16,194 

16,201 

16,209 

16,207 

8,276 

8,278 

8.274 

8.275 

0.14812 
0.14802 
0.14791 
0.14795 

0.14800 

*  To  18°  and  for  the  conductance  of  the  water. 

It  is  evident  from  these  results  that  the  change  of  the  conductance- 
capacity  with  the  time  and  the  difference  in  the  values  of  it  determined 
with  the  two  solutions  is  trivial.  The  mean  value,  0.14800,  is  therefore 
employed  in  all  the  calculations  of  this  article. 

The  change  of  the  conductance-capacity  with  the  temperature  was  cal- 
culated by  the  method  and  with  the  help  of  the  data  described  in  section 
36,  Part  IV.  The  only  really  significant  factor  in  this  case  determining 
the  correction  was  the  expansion  of  the  platinum-iridium  electrode,  which 
had  a  height  of  9.81  mm.  and  a  diameter  of  7.19  mm.  The  computation 
shows  that  the  conductance-capacity  at  18*  should  be  decreased  by  the 
following  percentage  amounts  at  the  following  temperatures:  50*  by 
0.05;  75*  by  0.07;  100*  by  0.10;  125*  by  0.14;  156*  by  0.18;  and  at  218* 
by  0.26.    These  corrections  were  always  applied. 

Measurements  of  some  of  the  sodium  hydroxide  solutions  were  also  made 
in  a  U-shaped  vessel.  The  conductance-capacity  of  this  was  determined  by 
measuring  in  it  a  0.1  normal  solution  of  potassium  chloride  made  by  dis- 
solving 7.455  grams  of  the  salt  (weighed  in  air)  in  one  liter  of  water  at 
18*.  The  equivalent  conductance  of  this  solution  was  taken  to  be  112.03 
as  given  by  Kohlrausch  and  Maltby.  As  an  accident  happened  to  one  of 
the  electrodes  in  the  course  of  the  experiments,  the  capacity  had  to  be 
redetermined,  so  that  there  are  two  values  designated  "Cell  i"  and  "Cell 
II.''    The  data  obtained  at  17.93*  are  given  in  table  48. 


Section  64, — The  Water  Correction. 
Table  48. — Conductance-capacity  of  the  U-shaped  vessel 
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Date. 

Cell. 

Condactance  X  10*. 

Coadactance- 
capaclty. 

Obtenred. 

Corrected 

to  18°. 

1904 

Oct  17 

Oct  17.... 
Nov.   4.... 
Nov.   4.,.. 

I 

I 

II 

II 

1,322.9 
1,322.8 
1,318.4 
1,317.6 

1,324.9 
1,324.8 
1,320.4 
1,319.6 

1       8.456 
1       8.489 

64.    THE  WATER  CORRECTION. 

Since  impurities  in  the  water  tend  to  decrease  the  conductance  of  strong 
bases,  no  correction  for  the  conductance  of  the  water  was  applied  to  the 
results  with  sodium  hydroxide.  Nor  was  any  correction  applied  to  those 
with  the  1/40  normal  ammonium  acetate  solution,  since  the  correction 
was  less  than  0.05  per  cent.  In  the  other  cases  (the  ammonium  hydroxide 
and  chloride  and  1/100  normal  ammonium  acetate  solutions)  a  correction 
was  applied,  which  was  determined  by  heating  pure  water  in  the  bomb 
(after  it  had  been  freed  as  far  as  possible  from  absorbed  substance  by  a 
previous  heating  at  ISG""  with  water),  making  the  time  of  heating  at  each 
temperature  the  same  as  in  the  usual  experiments.  The  results  obtained 
are  shown  in  table  49. 

Table  49. — Actual  conductance  (XIO*)  of  water  in  the  bomb. 


Date. 

18° 

100° 

156P. 

InlUal. 

Final. 

Initial. 

Final. 

1905 

June  5... 

Jnne  6... 

Jnne  7... 

Mean  ... 

3.1 
5.7 
3.4 

4.8 
5.9 
4.7 

13.0 
15.7 
13.7 

15.3 

•  •  •  • 

•  •  •  • 

23.9 
27.2 
24.9 

4.1 

5.2 

14.1 

15.3 

25.3 

These  corrections  were  subtracted  from  the  observed  conductance  of  the 
solutions  in  the  cases  specified  above.  They  form  roughly  the  following 
fraction  of  that  conductance  in  the  diflFerent  cases : 


tabstaoce. 

Milli- 

eqniralenta 

per  liter. 

Tempera- 
tare. 

Percentafe 
correction. 

NH,OH 
«• 

«• 

•• 

NH4a 

M 

NH.oja,o. 

100 

10 

2 

100 

18 
156 

18 
156 

18 
156 
156 

—0.2 
—0.5 
—0.6 
—1.8 
—0.2 
—0.3 
—0.1 
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65.    CONDUCnVITY  DATA  FOR  THE  SOLUTIONS  OF  SODIUM  HYDROXIDE. 
AMMONIUM  HYDROXira;  AND  AMMONIUM  CHLORIDE. 

The  following  tables  contain  the  direct  results  of  the  observations  and 
the  equivalent  conductances  computed  therefrom.  These  original  data 
are  presented  as  a  matter  of  record.  All  of  interest  that  they  contain  will 
be  seen  in  a  more  obvious  way  from  the  summary  presented  and  discussed 
in  the  next  section. 

The  measurements  with  20  and  50  milli-normal  sodium  hydroxide  solu- 
tions are  affected  by  an  error  arising  from  the  polarization  due  to  the  small 
resistance  of  these  solutions  in  the  bomb.  An  accurate  correction  for  this 
error  can  not  be  made,  but  to  estimate  its  magnitude  approximately  three 
fairly  strong  solutions  of  the  base  (21,  50,  and  75  milli-normal)  were 
measured  at  IS""  both  in  the  bomb  and  in  the  U-shaped  vessel  above 
referred  to  and  designated  cell  i  or  cell  ii^  in  which  the  conductance  was 
only  about  one-sixtieth  as  great.  The  results  of  these  measurements  are 
first  presented  in  table  50.* 

Table  50. — Conductivity  data  for  sodium  hydroxide  in  different  vessels. 


Date. 

Slock 

Sol.  No. 

Cell. 

Conceotration 
at  18°. 

Con4acUnce 
X10». 

BqaiTaknt  coodactance. 

Separate  Talaet.             Mean. 

Oct  19... 

Oct  19... 
Oct  20... 

Nov.  11.. 

Nov.  11.. 
Nov.  12.. 

Nov.  9... 

Nov.  7... 
Nov.  8... 

1 
1 
2 
2 

2 

2 
2 

Bomb... 
OeU  I.. . 
Bomb... 
OeU  II... 

Bomb... 

Bomb... 
OeU  IL.. 

76.5 
76.5 

50.22      1 
50.22     1 

21.06 

21.50     1 
21.50     1 

10M90 
101,430 

1,783.4 
1,785.0 

67,850 
67,800 

1,187.0 
1«186.8 

29,250 
29,230 
294M0 

29,880 
29,840 

520.3 
520.8 

196.24 
196.12 

197.06 
197.26 

199.9 
199.8 

200.7 
200.6 

205.6 
205.4 
205.5 

205.7 
205.4 

205.5 
205.6 

196.18 
1  197.17 
1    199.85 

200.65 

205.50 

205.55 
205.55 

It  is  evident  from  these  results  that  when  the  conductance  in  the  bomb 
does  not  exceed  30,000  X  10"*  the  difference  between  the  equivalent  con- 
ductance derived  from  it  and  that  derived  from  the  measurement  in  the 
U-shaped  cell  is  inconsiderable ;  but  that  the  difference  is  0.5  per  cent  when 
the  conductance  is  100,000  X  lO"*.    Although  it  is  tmcertain  whether  this 

*Those  on  October  19-20,  1904,  were  made  with  a  solution  prepared  by  diluting 
stock  solution  No.  1,  which  was  then  three  months  old.  The  absolute  values  are 
therefore  not  accurate. 
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difference  between  t^e  true  value  and  that  derived  from  the  measurement 
in  the  bomb  would  be  substantially  the  same  at  different  temperatures, 
and  whether  it  would  be  proportional  to  the  conductance  of  the  solution, 
it  has  nevertheless  seemed  to  us  that  values  nearer  the  truth  would  be 
obtained  by  applying  a  correction  to  our  results  with  sodium  hydroxide  in 
accordance  with  these  assumptions  than  by  leaving  them  uncorrected ;  for 
there  is  certainly  some  error  in  this  direction.  We  recognize,  however, 
that  there  may  still  be  an  error  in  the  corrected  results  as  great  as  the 
correction  applied ;  and  it  is  expected  that  more  accurate  data  will  be  later 
obtained  with  a  bomb  containing  the  electrode  within  a  cup  to  increase 
the  resistance.  The  percentage  correction  actually  applied  was  equal  to  5 
times  the  conductance  measured  in  the  bomb ;  that  is,  it  was  0.5  per  cent 
when  the  conductance  was  100,000  X  lO*',  1  per  cent  when  it  was 
200,000  X  lO"',  etc.  This  correction  has  been  introduced  in  table  61  in 
the  process  of  calculating  the  equivalent  conductance  from  the  observed 
conductance. 

The  results  obtained  in  the  bomb  with  the  solutions  of  sodium  hydroxide, 
ammonium  hydroxide,  and  ammonium  chloride  are  given  in  tables  51-53. 

The  first  column  gives  the  date  of  the  experiment ;  the  second,  the  con- 
centration at  4*  in  milli-equivalents  per  liter  (the  niunber  of  milli-equiva- 
lents  being  based  upon  the  atomic  weights  referred  to  oxygen  as  16.000 
and  weights  being  reduced  to  vacuo)  ;  the  third,  the  temperature  corrected 
for  thermometric  error  at  which  the  conductance  was  measured;  the 
fourth,  the  concentration  at  the  temperature  of  the  measurements,  calcu- 
lated by  dividing  the  concentration  at  4*  by  the  corresponding  specific- 
volume  ratio*  and  in  the  case  of  the  sodium  hydroxide  measurements 
at  156**  applying  the  correction  for  the  solvent  in  the  vapor  space  ;t 

'^'The  specific-volume  ratio  (that  is,  the  ratio  of  the  ^ecific  volume  of  the  solu- 
tion at  the  temperature  of  the  measurements  to  that  at  4  ^  was  assumed  to  be  iden- 
tical with  that  of  pure  water,  the  values  determined  by  Noyes  and  Coolidge  being 
used  at  218*^.  This  assumption  is  justified  since  they  showed  that  up  to  218^  the 
expansion  of  a  0.1  normal  sodium  chloride  solution  is  identical  with  that  of  a  0.002 
normal  solution.  The  values  of  the  ratio  are  1.0013  at  IS"",  1.0125  at  51^,  1.0257  at 
TS"",  1.0432  at  lOO"",  1.0660  at  125'',  1.0078  at  ISO"",  and  1.1862  at  218''. 

fSince  the  bomb  was  usually  filled  so  as  to  have  a  vapor-space  of  only  1  or  2  ccm. 
at  either  156**  or  at  218^,  the  correction  for  the  amount  of  the  liquid  vaporized  was 
insignificant  and  was  not  as  a  rule  applied,  the  only  exception  being  in  the  case  of 
the  sodium  hydroxide  solutions  at  156^  where  the  vi4>or  ^ace  was  about  11  ccm. 
and  where  the  concentration  was  correspcmdingly  increased  by  0.04  per  cent  In 
the  case  of  the  ammonia  solutions  the  possibility  existed  that  the  solute  also  passed 
into  the  vapor  space  in  appreciable  quantity;  but  this^  was  disproved  by  comparative 
conductivity  measurements  made  with  var]ring  quantities  (76  and  113  ccm.  at  18*) 
of  solution  in  the  bomb.  Thus,  a  97.07  millimolal  NH4OH  solution  showed  in  the 
bomb  the  following  conductances,  the  usual  procedure  in  heating  beinff  followed  in 
each  case :  4969  and  4972,  mean  4970  at  100** ;  4735  and  4735,  mean  4735  at  IIM^, 
when  113  ccm.  at  18*  were  introduced:  and  4964  and  4977,  mean  4970,  at  100*; 
and  4675  and  4703,  mean  4689  at  156*.  when  76  ccm.  at  18*  were  introduced.  There 
is  seen  to  be  no  difference  at  100*  and  one  of  only  1  per  cent  at  156*.  Since  the  lat- 
ter arises  from  a  difference  in  vapor-^ace  of  40  ccm.,  it  is  evident  that  the  error 
would  be  inappreciable  when  the  vapor-space  was,  as  was  usual,  about  1  cent 
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the  fifth,  the  measured  conductance  in  reciprocal  obns,  multiplied  by  10* 
and  corrected  for  the  instrumental  errors  —  those  in  the  slide  wire  and 
the  resistance  coils  and  for  the  lead  resistance  (0.03  ohm) ;  the  sixth, 
the  equivalent  conductance  calculated  from  the  value  of  the  conductance 
in  the  fifth  column  by  applying  the  water  correction  (in  the  cases  spta&td 
in  the  last  section),  multiplying  by  the  conductance-capacity,*  and  divid- 
ing by  the  concentration  given  in  the  fourth  column  (also  in  the  case  of 
the  0.019  and  0.049  normal  sodium  hydroxide  solutions  applying  the  cor- 
rection for  polarization  described  in  the  text  following  the  experiments 
with  this  substance).  In  the  experiments  with  ammonium  chloride,  a 
small  quantity  (about  one-tenth  as  many  equivalents)  of  annnonium 
hydroxide  were  added  in  order  to  eliminate  entirely  the  hydrolysis  possi- 
ble in  such  dilute  solutions  at  the  higher  temperatures;  the  tables  there- 
fore contain  additional  columns  giving  the  concentration  of  this  substance 
and  the  conductance  of  the  solution  corrected  for  that  of  the  ammonium 
hydroxide,  which  correction  was  calculated  by  the  mass-action  expression 

Cb 

yr-  KbAq  in  which  Cb  and  Cs  represent  the  concentration  of  the  base  and 

salt  respectively,  Kb  the  ionization-constant  of  the  base  (section  69,  table 
64),  and  Ao  its  equivalent  conductance  when  completely  ionized  (section 
67,  table  69). 

*Unles8  otherwise  stated,  all  measurements  were  made  in  the  bomb^  whose  con- 
ductance-capacity (constant  throughout  the  whole  series  of  experiments)  was 
given  for  each  temperature  in  section  63. 


Section  65- — The  Conductivity  Data. 


Table  61.~-Conduclivity  data  for 

sodmm  hydroxide. 

FROM    STOCK   WLUTION   Mo. 

(i>«KPAIlID  lULY  M.  -M.) 

J 

Tei.>pe[>Io.c 

•<r°. 

Condacunc. 

B        .  ,, 

"'"• 

•14°. 

x°i"7" 

19M 

Aug.  17.... 

19.151 

17.93 

19.127 

20,780 

207.4 

BIT 

2 

16 

158 

102,340 

940 

0 

17 

93 

19 

127 

26,630 

206 

2 

Ansr.  JB.... 

19.1S1 

17 

93 

19 

12T 

26,900 

208 

3 

217 

4 

16 

IM 

102.430 

941 

17 

B3 

19 

137 

26,650 

206 

AUff.    18.... 

19.151 

17 

93 

19 

127 

26,820 

207 

217 

4 

16 

154 

102.490 

941 

17 

93 

19 

127 

26,550 

205 

AUK.    18.... 

19.131 

17 

93 

19 

127 

26,800 

207 

100 

12 

18 

351 

69.760 

563 

156 

1 

17 

449 

91,060 

774 

100 

OS 

18 

157 

69.600 

562 

17 

93 

19 

127 

26.790 

207 

Aug.    30.... 

IS. 151 

17 

93 

19 

127 

26.790 

207 

100 

20 

18 

330 

69,410 

19 

155 

8 

17 

8e4 

90.880 

773 

100 

20 

IS 

356 

69,360 

560 

80 

17 

93 

19 

127 

26.743 

207 

Aug.   22.... 

19.1SI 

100 

20 

18 

356 

69.290 

560 

23 

1S5 

6 

17 

457 

90,880 

7T2 

217 

a 

Ifl 

JSl 

I02;i00 

939 

155 

a 

17 

457 

90,160 

766 

100 

80 

18 

3S6 

98,360 

551 

Aug.   24.... 

40.08 

17 

93 

49 

02 

66.670 

201 

100 

13 

47 

171,640 

543 

155 

7 

44 

74 

233,500 

746 

Aug.   ZS.... 

40. OS 

17 

93 

49 

02 

66.030 

201 

100 

IS 

47 

89 

171.240 

542 

155 

G 

44 

74 

220.100 

734 

217 

4 

41 

38 

24s,eoo 

886 

155 

6 

44 

74 

221,200 

738 

100 

la 

47 

89 

169,720 

537 

17 

93 

49 

02 

65,890 

199 

Aug.   26.... 

49.  OB 

17 

93 

49 

02 

66,770 

202 

100 

16 

47 

89 

171,500 

543 

159 

6 

44 

74 

223,800 

746 

100 

IS 

47 

171,520 

543 

17 

93 

49 

03 

66,710 

202 

00 

Aug.   30.... 

49.08 

17 

93 

49 

02 

66,530 

201 

217 

7 

41 

38 

247,200 

892 

17 

93 

49 

03 

66,140 

200 

Aug.    30.... 

49.08 

17 

93 

49 

02 

86,510 

201 

217 

7 

41 

38 

247,200 

892 

17 

93 

49 

OS 

66,290 

200 

Aug.    31.... 

49.08 

17 

93 

49 

02 

66,604 

301 

155 

6 

44 

74 

221,800 

740 

3 

17 

93 

49 

OS 

66,530 

201 

4 
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Table  51. — Conductivity  data  for  sodium  hydroxide — Continued. 


FROM  STOCK  SOLUTION  No.  2  (PRIPARID  OCT.  22.  ANALYZED  NOV.  3). 


Timtm 

Coocentradon 

Temperature 

Concentration 

Condnctance 

BqaiTalenc 

vmc 

•t4°. 

in 

at/«. 

X10». 

condnctance. 

1904 

• 

Not.  17.... 

3.974 

17.93 

3.970 

5,669 

211.4 

218.3 

3.344 

2;SM 

999.1 

Not.  18.... 

3.974 

17.93 

3.970 

566.3 

211.1 

218.2 

3.344 

z^ioa 

997.4 

17.93 

3.970 

634.6 

199.28 

Nov.  19.... 

3.974 

17.93 

3.970 

666.7 

211.3 

100.05 

3.810 

1,490.8 

578.4 

155.6 

3.622 

1,967.4 

808.3 

17.93 

3.970 

563.6 

210.1 

I^ov.  22 

4.401 

17.93 

4.395 

629.8 

212.1 

217.5 

3.707 

8»501. 

904.4 

17.93 

4.395 

613.2 

206.5 

Nov.  23 

4.026 

17.93 

4.021 

573.5 

211.1 

217.3 

3.892 

2jm. 

996.6 

17.93 

4.021 

562.4 

207.0 

Nov.   25.... 

4.026 

17.93 

4.021 

573.8 

211.2 

99.57 

3.861 

1,501.1 

574.7 

155.5 

3.669 

1,969.7 

801.0 

99.61 

3.861 

1,408.3 

573.6 

17.93 

4.021 

572.3 

210.6 

Nov.   26.... 

4.026 

17.93 

4.021 

574.3 

211.4 

99.90 

3.860 

1,507.2 

577.2 

155.8 

3.668 

1,995.2 

803.4 

99.90 

3.860 

1,504.2 

576.1 

17.93 

4.021 

573.5 

211.1 

Nov.   29.... 

3.972 

17.93 

3.967 

566.8 

211.5 

217.7 

3.346 

2,259. 

996.2 

17.93 

3.967 

550.6 

205.4 

Nov.   30.... 

3.972 

17.93 

3.967 

564.2 

210.5 

99.71 

3.809 

1,478.6 

573.9 

156.1 

3.617 

1,966.5 

803.0 

99.68 

3.809 

1,475.9 

572.8 

17.93 

3.967 

562.4 

209.8 

Dec  1 

2.069 

17.93 

2.066 

296.3 

212.2 

99.79 

1.9839 

779.8 

581.1 

155.6 

1.8853 

1,035.5 

811.3 

99.81 

1.9839 

778.6 

580.1 

17.93 

2.066 

294.6 

211.0 

Dec  2 

2.069 

17.93 

2.066 

295.5 

211.6 

100.15 

1.9832 

780.5 

581.8 

155.9 

1.8848 

1,035.2 

811.3 

100.12 

1.9832 

778.1 

580.0 

17.93 

2.066 

293.5 

210.2 

Dec  3 

1.9925 

17.93 

1.9900 

285.1 

212.0 

100.25 

1.9098 

753.4 

583.1 

156.2 

1.8147 

1,000.0 

814.0 

100.22 

1.9098 

750.6 

581.0 

17.93 

1.9900 

283.6 

210.9 

Dec  4 

1.9925 

17.93 

1.9900 

284.3 

211.4 

100.04 

1.9102 

752.3 

582.2 

155.9 

1.8152 

999.5 

818.8 

100.02 

1.9102 

749.6 

580.1 

17.93 

1.9900 

282.5 

210.1 
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Taxu  B£. — Conductivity  data  for  ammoniMm  Hydroxide. 


PROM  ITOCE  SOL 

UTION    »-.  1 

(FRIPARID  JANUARY  ?,  IMS.}                  | 

C-«r,n.,.. 

t™,«^ 

€«,«»«- 

CDDlact-. 

l4ol..leKt 

■iOD.!*". 

ni..'". 

il«..i«°. 

•»«  X  lO". 

""*■"""• 

1905 

Jan.  13t... 

32.44 

17.93 

33.40 

M90-t> 

fi.422 

9S.86 

31.10 

2,811 

13.297 

156.2 

39.54 

3,635 

13.005 

Jan.  14.... 

32.44» 

17.93 

32.40 

1,189.5 

6.415 

Jan.  18.... 

32.44 

17.93 

32.40 

1.193.5 

5.433 

155.6 

29.50 

2.851 

13.130 

Jan.  17.... 

33.08 

17.  B3 

33.04 

1.204.4 

5.377 

99.77 

31.71 

2.841 

13.175 

156.0 

30.13 

3,670 

12.978 

17.93 

33.04 

1,175.4 

5.841 

Jan.  18.... 

33.08 

17.93 

33.04 

1.205.2 

5.381 

100.03 

31.71 

2,851 

13.224 

isa.e 

30.11 

2.673 

12.990 

17.93 

33.04 

ia9G.7 

5.337 

Jan.  20.... 

33.07 

17.03 

33.03 

1.203.8 

5.375 

90.74 

31.71 

2.847 

13.803 

155.8 

30.14 

3,670 

13.906 

Jan.  EI.... 

33.07 

17.93 

33.03 

1.211.6 

5.410 

99.98 

31.70 

2,863 

13.388 

155.9 

30.13 

2,699 

13.104 

Jan.  27.... 

33.05 

17.93 

33.01 

l,2(n.3 

5.394 

99.91 

31.89 

2,860 

13.277 

Jan.  88.... 

33.05 

17.93 

33.01 

1.207.1 

5.394 

99.80 

31.89 

2.870 

13.320 

187.1 

30.06 

2,705 

13.100 

99.76 

31.69 

2,864 

13.884 

17.93 

33.01 

1.205.3 

5.380 

Jan.  30.... 

33-05 

17.93 

33.01 

1,207.3 

5.3»4 

100.80 

31.68 

2.889 

13.380 

156.2 

30.09 

8,710 

13.173 

100.28 

31.08 

2,871 

13.326 

17.93 

33.01 

1,204.8 

5.378 

Jan.  31.... 

97.07 

17.93 

96.95 

2.078 

3.166 

100.23 

93.04 

4,954 

7.850 

156.3 

88.37 

4,657 

7.748 

100.13 

93.05 

4.950 

7.841 

17.93 

96.95 

2,073 

3.U1 

Feb.  1.... 

B7.07 

17.93 

96.95 

2,078 

3.106 

99.95 

93.07 

4,968 

7.870 

155.8 

38.41 

4,733 

7.865 

99.91 

93.07 

4,981 

7.880 

17.93 

96.95 

2,082 

3.178 

Feb.  3.... 

97.07 

17.93 

06.95 

2,08a 

a.vn 

99.03 

93.07 

4,971 

7.874 

155.9 

88.40 

4,733 

T.80T 

99.95 

93.07 

4,081 

7.889 

17.93 

96.95 

2,083 

3.173 

Feb.  ».... 

9.9085 

17.93 

9.896 

655.5 

9.740 

99.91 

9.500 

1.558.1 

24.02 

156.4 

9.019 

1,480.8 

23.84 

99. 8S 

9.500 

1,539.2 

23.71 

17.93 

9.896 

M7.2 

9.603 

n  later  expcriaMnM  11) 


tiM    wTftr    4iliite4    •otntloa, 

of  JunutT  1*-11>  aolr  IM  ««b.  Mhrtk 

I)  bciD.  wcra  latrodoead.    Tba  lir  nm  n 


pnt  faao.bowfc.wMI*  In 
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Table  52. — Conductwity  data  for  ammonium  hydroxide — Continued. 


FROM  STOCK  SOLUTION  No.  1  (PRIPARBD  JANUARY  9.  1905.) 


Dflte 

Concentra- 

Tempera* 

Cooceotra- 

Coa4act- 

Bqahraleat 

tioii  at  4^. 

tare.  /°. 

tion  at  /^. 

ance  X  10*. 

coB4«ctaace. 

Feb.  10... 

9.9085 

17.93 

9.896 

655.2 

9.735 

99.52 

9.504 

1,560.3 

24.03 

156.5 

9.019 

1,480.2 

23.83 

99.54 

9.504 

1«544.7 

23.78 

17.93 

9.896 

647.3 

9.605 

STOCK  SOLUTION  No.  1  (WHEN  35  DAYS  OLD). 


I 


♦Feb.  11.. 

97.07 

17.93 

96.95 

2,096 

3.193 

100.10 

93.06 

5,032 

7.975 

♦Feb.  13.. 

97.07 

17.93 

96.95 

2,097 

3.194 

99.07 

93.14 

5,044 

7.985 

155.4 

88.44 

4,840 

8.043 

99.13 

93.15 

5,041 

7.981 

17.93 

96.95 

2,101 

3.200 

Feb,  14... 

97.07 

17.93 

96.95 

2,095 

3.192 

99.86 

93.07 

5,042 

7.988 

156.4 

88.36 

4,822 

8.021 

99.81 

93.08 

5,046 

7.994 

17.93 

96.95 

2.097 

3.193 

FROM  STOCK  SOLUTION  No.  2  (PRBPARID  FEBRUARY  20, 1905.) 


Feb.  21... 

99.90 

17.93 

99.77 

2,095 

3.101 

100.07 

95.77 

4,956 

7.629 

156.6 

90.92 

4,629 

7.479 

17.93 

99.77 

2,096 

3.100 

Feb.  23... 

99.90 

17.93 

99.77 

2,094 

3.100 

99.92 

95.79 

4,965 

7.641 

156.4 

90.93 

4,663 

7.532 

99.85 

95.79 

4,981 

7.663 

17.93 

99.77 

2,094 

3.098 

Feb.  24... 

99.90 

17.93 

99.77 

2,094 

3.099 

155.6 

91.00 

4,657 

7.516 
(7.549) 

17.93 

99.77 

2,089 

3.092 

Feb.  25... 

33.29 

17.93 

33.24 

1,211.7 

5.375 

99.52 

31.93 

2,863 

13.200 

155.4 

30.33 

2,706 

13.058 

17.93 

33.24 

1,210.0 

5.366 

Feb.  27... 

9.853 

17.93 

9.841 

651.5 

9.735 

99.64 

9.451 

1,548.4 

23.83 

155.7 

8.975 

1,454.6 

23.52 

17.93 

9.841 

646.8 

9.650 

Feb.  28... 

9.853 

17.93 

9.841 

651.9 

9.741 

99.59 

9.450 

1,543.2 

23.92 

155.8 

8.974 

1,457.0 

23.56 

99.64 

9.449 

1,534.7 

23.76 

17.93 

9.841 

646.5 

9.645 

*  Although  everv  precaution  was  taken  to  preserve  this  stodc  solution,  the  results  of 
experiments  of  Februanr  18  and  14  when  compared  with  those  of  January  SI  to  February  t  Aow 
that  contamination  haa  suddenly  taken  place.  They  are  included  here  merely  to  iUosCrate  the 
great  effect  especially  at  the  higher  temperatures  of  what  must  hare  been  a  miirate  contami- 
nation; this  effect  consisted  in  this  case  of  an  increase  of  about  0.8  oer  cent  at  18*  and  of  S.5 
per  cent  at  156®.  That  it  was  not  due  to  contamination  in  transferring  the  solution  to  tto 
Domb  is  shown  by  the  excellent  agreement  of  the  three  earlier  and  of  the  two  later  Taluca 
themselves. 
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Table  52. — Conductivity  data  for  ammonium  hydroxide — Continued. 


/dp 


STOCK  SOLUTION  No.  3  (PRIPARID  MARCH  16.  1905.) 

Dftle 

Conceotra* 

Tempera- 

Conceotra- 

Conduct- 

Bqairalent 

don  at  4°. 

ture, /o. 

don  at  /°. 

ance  X  10*. 

condactance. 

Mar.  17... 

102.59 

17.93 

102.46 

2,121 

3.057 

75.20 

100.01 

4,540 

6.700 

100.02 

98.35 

5,018 

7.521 

124.8 

96.24 

5,072 

7.760 

17.93 

102.46 

2,120 

3.055 

Mar.  la.. 

102.59 

17.93 

102.46 

2,120 

3.056 

51.00 

101.30 

3,709 

5.404 

75.20 

100.01 

4,543 

6.704 

99.60 

98.39 

5,010 

7.506 

124.8 

96.24 

5,069 

7.755 

17.93 

102.46 

2,117 

3.050 

Table  ^Z,— Conductivity  data  for  ammonium  chloride. 


Concentration  at  4^. 

Concentration  at  ^. 

Condacunce  X  10*. 

Bqniva- 
leni 

Date. 

Teavci* 

NH^Cl. 

NH4OH. 

tare,  /*>. 

NH4CI. 

NH4OH. 

Obaenred. 

Corrected 
for  NH4OH. 

condact- 
ance. 

1905 

May  17.... 

12.492 

0.00 

17.93 

12.474 

10,233 

121.31 

May  17.... 

12.492 

0.00 

17.93 

12.474 

10,233 

.  .  •  a  •  . 

121.31 

May  18.... 

12.513 

1.486 

17.93 

12.497 

1.485 

10,264 

10,261 

121.47 

99.52 

12.000 

1.425 

30,690 

30,690 

377.9 

155.5 

11.403 

1.354 

43,820 

43,820 

567.4 

17.93 

12.497 

1.485 

10,270 

10,267 

121.54 

May  19 

12.523 

1.389 

17.93 

12.506 

1.387 

10,273 

10,270 

121.49 

99.53 

12.011 

1.332 

30,720 

30,720 

378.0 

155.3* 

11.415 

1.265 

43,880 

43,880 

567.6 

99.55 

12.011 

1.332 

30,700 

30,700 

377.7 

17.93 

12.506 

1.387 

10,271 

10,267 

121.46 

May  20.... 

1.9791 

0.2228 

17.93 

1.9766 

0.223 

1,691.5 

1,688.5 

126.43 

99.73 

1.8978 

0.214 

5,108 

5,102 

397.5 

155.6 

1.8036 

0.203 

7,369 

7,365 

603.5 

17.93 

1.9766 

0.223 

1,709.0 

1,706.0 

127.74 

May  24 

2.076 

0.2383 

17.93 

2.0730 

0.238 

1,772.9 

1,769.9 

126.34 

100.06 

1.9900 

0.228 

5,385 

5,379 

399.6 

155.9 

1.8910 

0.217 

7,743 

7,739 

604.8 

100.06 

1.9900 

0.228 

5,417 

5,411 

402.0 

17.93 

2.0730 

0.238 

1,788.6 

1,785.6 

127.47 

66.    SUMMARY  AND  DISCUSSION  OF  THE  EQUIVALENT-CONDUCTANCE 
VALUES  AND  THEIR  CORRECTION  TO  ROUND  TEMPERATURES. 

The  following  tables  present  the  equivalent  conductance  values  corres- 
ponding to  round  temperatures  calculated  from  the  values  given  in  the 
previous  tables  with  the  help  of  temperature-coefRcients  obtained  by  plot- 
ting graphically  the  conductance  values  at  each  concentration  at  the  differ- 
ent temperatures  (including  those  at  51"!,  75.2'',  and  124.8'*  in  the  case  of 
ammonium  hydroxide).  The  values  obtained  from  the  measurements  at 
each  temperature  before  going  to  a  higher  one  are  headed  ^^ Initial'';  and 
those  on  coming  back,  ^^  Final.'' 
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Table  54. — Equivalent  conductance  of  sodium  hydroxide  at  round  temperatures. 


Date. 

Coocentra- 
lion  at  4<*. 

18° 

lOOP 

156° 

TiXP. 

Initial. 

Hnal. 

Initial. 

Hnal. 

Initial. 

nnal. 

1904 

Aug.  24.... 
Aug.  25.... 
Aug.  26.... 
Aug.  30.... 
Aug.  30.... 
Aug.  31.... 
Mean  ... 

Nov.  11.... 
Aug.  17.... 
Aug.  18.... 
Aug.  18.... 
Aug.  19.... 
Aug.  20.... 
Aug.  22.... 
Mean  ... 

Nov.    8.... 
Nov.  17.... 
Nov.  18.... 
Nov.  19.... 
Nov.  22.... 
Nov.  23.... 
Nov.  25.... 
Nov.  26.... 
Nov.  29.... 
Nov.  30.... 

Dec  1 

Dec.  2 

Dec.  3 

Dec  4 

1    Mean   ... 

49.08 
49.08 
49.08 
49.08 
49.08 
49.08 

202.2 
202.0 
202.4 
201.7 
201.7 
201.9 

IMis 
202.2 
200.5 
201.0 
201.7 

543.2 
542.0 
542.8 

'537!s 
542. f 

.....  a 
.....  a 

r 

747.0 
•736.0 

747.4 

746!i 

893!5* 
893.5 

49.06 

202.09 

(200.65 
207.7 
208.6 
208.0 
207.9 
207.8 

t200.4 

1202.0 
206.5 
206.7 
205.9 
207.8 
207.4 

542.7 

t542.f 

745.3 

'774!2 
774.1 
774.0 

740.1 
'768!o 

_g91^ 

942.2 
942.8 

*m6!3 

50.31 

19.151 

19.151 

19.151 

19.151 

19.151 

19.151 

'66i!9 
560.4 
559.4 

1537.2 

'562!4 
560.0 
551.1 

19.151 

21.55 
3.974 
3.974 
3.974 
4.401 
4.026 
4.026 
4.026 
3.972 
3.972 

208.0 

t206.4 

560.6 

t561.3 

774.1 

768.0 

941.7 

998.3 
996.9 

*995*.7 
997.5 

'996.6 

1205.55 
210.7 
211.4 
211.6 
212.4 
211.4 
211.5 
211.7 
211.8 
210.8 

1207.6 

•i99!6 
210.4 
206.8 
207.3 
210.9 
211.4 
205.7 
210.1 

578!2 

577.6 
*575!2 

1551.3 

•  •  •  •  •  4 

•  •  •  •  •  4 

576.  i 

L 
I 

1 

802.8 
804.1 

802.7 

...... 

.....  1 

.....  t 

.....  a 

4.038 

211.5 

)i210.9( 
Jt206.7j 

576.9 

582.0 
582.4 
582.0 
582.0 

575.3 

803.3 

.....  t 
.  .  a  .  .  a 

- 

996.9 

2.069 
2.069 
1.992 
1.992 

212.5 
211.9 
212.3 
211.7 

211.3 
210.5 
211.2 
210.4 

580.9 
580.5 
580.1 
580.0 

812.5 
811.7 
813.2 
812.9 

2.031 

212.1 

210.9 

582.1 

580.4 

812.6 

...  a  a  a 

...... 

*Iii  taking  the  meana,  the  valuea  marked  with  an  asteriak  have  been  omitted  on  aocount  of 
their  Urge  deviation. 

iMean  of  experimenta  carried  to  218*. 
Mean  of  the  two  concordant  determinationa  made  in  the  U-ahaped  celL 
Mean  of  experimenta  carried  to  156*. 

It  will  be  seen  from  table  54  that  the  results  of  the  separate  experiments 
with  sodium  hydroxide  agree  closely  with  one  another,  very  few  of  the  ini- 
tial values  deviating  from  their  mean  by  as  much  as  0.2  per  cent  A 
comparison  of  the  initial  and  final  values  at  IS""  shows  that  heating  to  156* 
produced  a  decrease  of  conductance  of  less  than  0.3  per  cent  in  the  three 
stronger  solutions  and  one  of  0.6  per  cent  in  the  2  milli-normal  solu- 
tion, but  that  heating  to  SIS'*  decreased  it  by  0.8  per  cent  in  the  49  and 
J  9  milli-normal  and  by  2.4  per  cent  in  the  0.4  milli-normal.  The  latter 
decrease  is  so  large  that  in  deriving  the  best  value  at  218^  we  shall 
increase  the  mean  value  by  half  this  amount  or  1.2  per  cent,  it  being  prob- 
able that  the  observed  decrease  in  conductance  at  18**  had  taken  place  in 
some  measure  at  218''.  At  18''  with  the  49  and  19  milli-nonnal  solntions 
the  mean  results  obtained  in  the  U-shaped  cell  will  be  adopted  as  the  best 
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values,  since  these  were  not  affected  by  polarization.    In  all  other  cases 
the  mean  of  the  initial  values  will  be  adopted. 

Table  55  contains  the  results  for  ammonium  chloride,  which  are  derived 
from  measurements  with  solutions  of  the  salt  containing  about  one- 
tenth  as  many  equivalents  of  ammonium  hydroxide  (see  table  63)  by 
correcting  the  observed  conductance  for  the  conductance  of  the  ionized 
portion  of  the  base.  In  the  case  of  the  first  two  measurements  (made  on 
May  17),  however,  no  free  ammonia  was  added. 

Table  55. — Equivalent  conductance  of  ammonium  chloride  at 

round  temperatures. 


Date. 

Concenira- 
tion«4°. 

EquiTalenl  conductance. 

18° 

100° 

156°. 

IniHal. 

Final. 

Initial. 

Final. 

1905 

May  17. . . 
May  17. . . 

May  18... 

May  19. . . 

Mean  .. 

May20... 

May  24... 

Mean  .. 

12.492 
12.492 

121.49 
121.49 

12.513 
12.523 

121.65 
121.62 

121.72 
121.64 

379.5 
379.5 

•  ••••• 

379.2 

569.1 
570.0 

12.518 

121.63 

121.68 

379.5 

398.4 
399.4 

379.2 

569.5 

605.0 
605.1 

1.9791 
2.076 

126.62 
126.53 

127.93 
127.65 

'401.8 

2.027 

126.57 

127.79 

398.9 

401.8 

605.0 

The  results  of  the  separate  experiments  with  ammonium  chloride  given 
in  table  55  are  in  almost  complete  agreement.  The  two  measurements  of 
May  17  at  IS"",  made  with  the  salt  alone  without  the  addition  of  ammonia, 
show  that  no  considerable  contamination  resulted  in  the  other  cases  from 
the  presence  of  the  base.  A  comparison  of  the  initial  and  final  values 
shows  that  no  change  in  conductance  was  produced  by  the  heating  in  the 
12.5  milli-normal  solution,  but  that  there  resulted  from  it  an  increase  of 
0.7  per  cent  at  100**  and  of  1.0  per  cent  at  18**.  It  has  therefore  seemed  best 
to  decrease  the  value  at  166°  at  2  milli-normal  by  0.6  per  cent  in  order  to 
eliminate  this  effect  as  far  as  possible.  This  will  be  done  in  table  58  where 
the  best  values  are  brought  together. 

The  initial  and  final  values  at  18**  obtained  with  ammonium  hydroxide 
(table  56)  show  that  the  heating  had  scarcely  any  effect  on  the  100  milli- 
normal  solution,  but  that  it  caused  a  decrease  of  0.7  per  cent  in  the  33, 
and  of  1  per  cent  in  the  10-milli-normal  solution.  That  this  decrease, 
occurring  in  spite  of  the  fact  that  almost  any  contaminating  substance 
either  by  its  own  conductance  or  through  salt-formation  would  produce  an 
opposite  effect,  is  due  to  destruction  of  the  ammonia  by  oxidation,  has 
been  shown  in  connection  with  experiments  made  at  218®  by  Mr.  R.  B. 
Sosman  in  this  laboratory,  which  will  be  later  described.  The  effect  in 
our  experiments  was  fortunately  not  so  great  as  to  produce  an  important 
error,  and  it  has  seemed  best  not  to  attempt  to  correct  for  it,  since  contami- 
nation tends  to  compensate  it. 
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Table  56. — Equivalent  conductance  of  ammonium  hydroxide  at  round  temperoiures. 


\ 


f 


Date. 

No.  of 
•lock 

Ml. 

Concentra- 

tlOD«t4». 

\fP 

lOOP 

156». 

Inldal. 

FIntl. 

laidftl. 

Fla«l. 

1905 

Feb.     9 

Feb.  10 

Feb.  27 

Feb.  28 

Jan.   13 

Jan.   14 

Jan.   16 

Jan.  17 

Jan.   18 

Jan.  20 

Jan.  21 

Jan.  27 

Jan.  28 

Jan.  30 

Feb.  25 

Jan.  31 

Feb.    1 

Feb.    3 

Feb.  21 

Feb.  23 

Feb.  24 

2 
2 
2 

9.91 
9.85 

32.44 

33.08 
33.07 

33.05 
33.29 
97.07 

99.90 

9.758 

9.753 

0.753t 

9.759t 

5.432t 

5.425t 

5.443 

5.387t 

5.391 

5.385t 

5.420 

5.404t 

5.404 

5.404 

5.385t 

3.171 

3.171 

3.177 

3.106t 

3.104t 

3.104t 

9.620 
9.623 
9.668 
9.663 

5.347 

5!396* 

5.388 

5.370 

3.166 

3.177 

3.178 

3.105 

3.103 

3.097 

24.03 
24.04 

23.86t 
23.95t 

13.302t 

isiisst 

13.223 
13.814t 
13.283 
13.284t 
13.329 
13.311 
13.196t 
7.845 
7.871 
7.876 
7.627t 
7.643t 

23.72 
23.81 

23!79  ' 

id.'m' 

13.318 

7.837 ' 

7.891 

7.890 

71667* 

23.88 

23.88 

23.60t 

23.S5t 

IS.OMt 

is! 110* 
12.978t 
13.010 

12.058t 
13.101 

13!m* 
13.180 

13.037t 
7.748 
7.861 
7.865 
7.400t 
7.540t 
7.506t 

Mar.  17 

Mar.  18 

3 
3 

102.59 
102.59 

18° 

3.062t 
3.061t 

SI'' 
5!404* 

75.2° 

6.700t 
6.704t 

lOOP 

7.521t 
7.520t 

124  JP 

7.760t 
7.766t 

The  results  show  that  in  general  lower  values  were  obtained  the  fresher 
the  solution,  the  differences  being  especially  large  at  the  highest  tempera* 
ture  (ISG**).    In  deriving  the  most  probable  values,  we  shall  therefore 

Table  57. — Equivalent  conductance  of  ammonium  hydroxide  at 

uniform  concentrations. 


Date. 

No.  of 
•lock 

Ml. 

Concentra- 
tion at  4°. 

18°. 

lOOP. 

ISfi°. 

1905 

Feb.  21 

Feb.  23 

Feb*  24 

May  17 

May  18 

Mean- 

Jan.  13 

Jan.  17 

Jan.  20 

Jan.  27 

Feb.  25 

Meani 

Feb.  27 

Feb4  28. 

Mean 

2 
2 
2 
3 
3 

99.90 

3.106 
3.104 
3.104 
3.101 
3.100 

7.627 
7.643 

'7!622 
7.621 

7.490 
7.540 
7.508 

•  • 

99.90 

3.103 

7.628 

7.513 

1 
1 
1 
1 
2 

-  33.07 

5.382 
5.387 
5.385 
5.404 
5.400 

13.160 
13.185 
13.214 
13.284 
13.236 

12.868 
12.978 
12.052 

13.076 

• . 

33.07 
|9.853    1 

5.392 

9.753 
9.759 

13.218 

12.968 

2 
2 

23.86 
23.95 

23.50 
23.55 

.  • 

0.853 

9.756 

23.90 

23.52 
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select  the  results  obtained  in  the  earlier  measurements  with  each  solution 
(those  to  which  a  dagger  is  attached  in  the  table).  In  order  to  combine 
them,  those  at  nearly  the  same  concentrations  have  been  reduced  to  a  uni- 
form concentration  at  4**  by  means  of  the  formula  A^C  =  const.  As  the 
agreement  of  the  separate  results  can  best  be  judged  in  this  way,  we  give 
the  so-obtained  values  in  table  57.  As  the  final  values  the  mean  of  these 
will  be  adopted. 

Table  58  contains  what  we  regard  as  the  best  values  which  can  be 
derived  in  the  way  stated  in  the  preceding  paragraphs  from  the  summaries 
of  the  separate  yalues  given  in  tables  54,  65,  and  57. 

Table  58. — Best  values  of  the  equivalent  conductance 

at  round  temperatures. 


SODIUM    HYDROXIDE. 

Concenira- 
tion  at  4^. 

18°. 

100°. 

156P. 

218°. 

2.031 
4.038 
21.55 
19.151 
50.31 
49.06 

212.1 
211.8 
205.5 

266!6' 

582.1 
576.9 

56o!6* 

542!7 

812.6 
803.3 

774.1' 

745!3* 

ioos.'s 

'94i!7 
891.6 

AMMONIUM    CHLORIDE. 

2.027 

12.49 

126.6 
121.5 

398.9 
379.5 

602.0 
569.5 

AMMONIUM    HYDROXIDE. 

9.853 
33.07 
99.90 

9.756 
5.392 
3.103 

23.90 
13.218 
7.635 

23.52 
12.968 
7.513 

67.    EQUIVALENT  CONDUCTANCE  AT  ROUND  CONCENTRATIONS. 

The  values  given  in  table  58  refer  to  a  different  concentration  at  each 
temperature  owing  to  the  expansion  of  the  solution.  In  order  to  show  the 
effect  of  temperature  alone  they  must  be  corrected  to  a  uniform  concentra- 
tion at  each  temperature.  This  has  been  done  with  the  values  for  sodium 
hydroxide  and  ammonium  chloride  by  means  of  the  empirical  equation 
Aj  —  A,  =  K{C^  —  Cj*),  which  states  that  the  change  of  the  equivalent 
conductance  (A)  at  any  one  temperature  is  proportional  to  the  change  in 
the  cube-root  of  the  concentration  (C*) ;  and  with  the  values  for  ammo- 
nium hydroxide  by  means  of  the  mass-action  expression ^^  const. 

Aq  —  A 

The  results  are  given  in  table  59.    Values  extrapolated  for  a  considerable 
interval  are  inclosed  in  parentheses. 
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Table  59. — Equivalent  conductance  at  round  concentrations. 


Sabitance. 

Concentra- 
tion. 

18°. 

100°. 

156°. 

218. 

Sodium 
hydroxide 

Ammonium 
chloride 

Ammonimn 
acetate 

0 
2 

4 
20 
40 
50 

0 

2 
11 
12.5 

0 
10 
25 

(216.1 
212.: 
211.1 
205.1 

5) 

1 
3 
3 

• 

1 

( 

) 

1^ 

[594) 
582.0 
576.6 
559.4 

(835) 
813.5 
804.8 
770.6 
746.0 

(738.2) 

(628) 
600.9 
570.4 

(567.1) 

(523) 
456 

(1060) 

1003 
930 

RRO 

200.( 
(130.' 

540.2 
r415) 

(873) 

126.6 

398.7 
380.7 
379.3 

(338) 
299.8 

121.1 

(99.8) 
91.7 
88.2 

286.5                   426 

Sabitance. 

Concentra- 
tion. 

18°. 

51°. 

75.2° 

100°. 

124.8° 

156°. 

Ammonium 

0 

10 

80 

100 

(238) 
9.678 
5.656 
3.100 

(404) 

(526) 
6.702 

(647)         '^764) 

(908) 
28.31 
12.99 

7.170 

hydroxide 

23.25 

» "  — — # 

13.58 
7.465 

5.404 

7.757 

The  values  ( A©)  for  zero  concentration  or  complete  ionization  have  been 
calculated  for  ammonium  chloride  and  for  sodium  hydroxide  except  at 
218''  by  the  graphical  method  which  has  been  used  throughout  this  series 
of  investigations  and  is  described  in  section  17,  Part  II.  Since  in  the 
case  of  ammonium  chloride  the  data  did  not  suffice  to  determine  the  value 
of  the  exponent  n,  this  was  assumed  to  be  the  same  as  for  potassium 
chloride,  namely,  1.42.  The  results  with  sodium  hydroxide  at  218*  are 
not  accurate  nor  extensive  enough  to  make  this  method  reliable.  The 
value  of  Ao  at  218''  given  in  the  table  is  an  estimated  one  derived  from 
the  value  of  Ao  at  the  lower  temperatures  and  from  the  corresponding 
Ao  values  for  sodium  chloride  and  hydrochloric  acid  in  the  way  described 
in  section  84,  Part  VII. 

The  values  of  Ao  for  ammonium  hydroxide  have  been  calculated  by  add- 
ing to  the  difference  between  the  values  for  ammonium  chloride  and 
sodium  chloride  that  for  sodium  hydroxide.  The  values  for  sodium  chloride 
used  were  those  given  by  Noyes  and  Coolidge,  section  16,  Part  II,  namely, 
109.0  at  18%  362  at  100*  and  555  at  156*.  The  Ao  values  for  ammonium 
hydroxide  at  51.0,  75.2  and  124.8*  were  interpolated  graphically  between 
those  at  the  other  three  temperatures,  and  are  less  accurate  than  the  values 
at  the  other  temperatures.  The  concentrations  are  expressed  in  milli- 
equivalents  per  liter  of  solution. 

The  values  given  for  ammonium  acetate  at  18*  and  100*  are  based  on 
the  specific  conductance  values  for  the  unhydrolyzed  salt  given  below 
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in  table  67  under  Lba.  They  have  been  corrected  to  round  concentrations 
by  means  of  the  cube-root  function.  The  values  at  166**  are  similarly 
derived  except  that  a  correction  was  first  applied  by  subtracting  from  the 
concentration  of  the  salt  (Cba)  that  of  the  hydrolyzed  portion  still  exist- 
ing even  in  the  presence  of  the  largest  quantity  of  added  acid  or  base.  The 
Ao  values  are  calculated  from  those  for  sodium  acetate  and  chloride  given 
in  table  36,  section  54,  and  those  for  ammonium  chloride  here  given. 

It  is  of  some  interest  to  compare  the  results  at  18**  with  those  obtained 
previously  by  Kohlrausch.*  As  far  as  the  data  are  comparable  they  are 
placed  side  by  side  in  the  following  table. 


Table  60. — Conductivity  results  of  different  investigators. 


*> «__ 

Sodinm  hydroxide. 

AauBonittm  chloride. 

Ammoniain  hydroxide. 

Temper-      v^onccn- 
ature..   >    tratlon. 

1 

Noirei 
and  Kato. 

Kohl- 
ranich. 

Noyes 
and  Kato. 

Kohl- 
raatcb. 

Noyei 
and  Kato. 

Kohl- 
ranicb. 

0 
18 

2 

4 
10 
12.5 
20 
30 
50 
100 

212.1 
211.8 

'205!8 
'266!6 

206 
204 

197" 
190  ' 

126.6 

'mis 

126.2 

'mis 

'9.68' 

'5.66* 
3.10 

The  agreement  of  the  ammonitun  chloride  values  is  within  about  0.3 
per  cent.  Kohlrausch's  values  for  sodium  hydroxide,  however,  are  4  to  6 
per  cent  lower  than  ours,  and  his  value  for  ammonium  hydroxide  at  100 
milli-normal  is  6  per  cent  higher.  As  Kohlrausch's  data  are  derived  from 
his  earlier  measurements  made  in  1885,  it  is  probable  that  the  discrepancy 
arises  from  impurities  in  the  substances  or  water  used  by  him,  especially 
since  his  values  for  potassium  hydroxide  (231  at  4  milli-normal,  219  at  50 
milli-normal)  after  allowing  for  the  difference  in  equivalent  conductance 
of  the  potassium  and  sodium  ions  (21  or  19  units)  accord  within  1  per 
cent  with  ours  for  sodium  hydroxide. 


68.  change:  of  the  equivalent  conductance  WITH  THE 

CONCENTRATION  AND  TEMPERATURE. 

With  reference  to  the  change  of  the  conductivity  with  the  concentration, 
we  will  limit  ourselves  to  a  consideration  of  the  data  for  sodium  hydrox- 
ide ;  for  those  with  ammonium  chloride  and  acetate  do  not  cover  a  suffi- 
cient range  of  concentration. 

*See  Kohlrausch  and  Holbom's  Leitvennogen  der  Elektrolyte,  pp.  159-160. 
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It  may  first  be  shown  that  this  base,  like  the  neutral  salts,  confon 
fairly  closely  at  all  temperatures  to  the  simple  cube-root  fonnula  of  Kol 
rausch  (A(,  —  A.  =  KO).  Applying  it  in  the  form  Ao,  —  Kc»^K(^Cf- 
C,*)  we  have  first  calculated  the  value  of  the  constant  K  for  C,  :=60  ( 
18"  and  100°)  or  40  (at  166°  and  ZIS")  and  C,  =  4,  and  have  then  calc 
lated  the  value  of  Acj  for  the  intermediate  concentration  C,  ^  20.  T 
percentage  deviations  of  the  so-calculated  values  from  the  observed  valo 
given  in  table  59  are  as  follows:  At  18°,  -1-0.0;  at  100°,  —  0.4; 
1S6°,  — 0.3;  and  at  218°, +  0.3.  These  deviations  are  not  greater  thi 
the  possible  experimental  errors.* 

We  have  also  determined  graphically,  by  plotting  —-against  (Ca)"**  ; 

described  in  section  17,  Part  II,  what  value  of  the  exponent  n  in  the  fun 
tion  C(Ao  —  A)=/f(CA)"  best  expresses  the  results  with  sodiu 
hydroxide  at  18°,  100°,  and  15C°.t  The  values  of  n  so  determined  a 
given  in  table  61.  It  will  be  seen  that  they  correspond  with  the  valm 
obtained  for  the  neutral  salts,  all  of  which  lie  in  the  neighborhood  of  1. 


Tabu  tl.—Valties  of  exponent  n  in 
(unction    C(A,— A)  =i(:(CA)". 


tht 


...«.„ 

1B°. 

100°. 

iSff". 

NnOH 

1.90 

1.50 

1.50 

The  effect  of  temperature  has  interest  especially  with  reference  to  tl 
values  at  zero  concentration;  for  in  these  the  ionic  velocities  are  aloi 
involved.  The  mean  temperature-coefficients  (AAo/Af)  for  sodium  hydro: 
ide  and  ammonium  chloride  are  given  in  table  63. 

Tabl£  62. — Mean  iemperoture-coefficitnts  of  Ike  eqtuv- 
alenl  conductance  at  sero  concentration. 


SDbiiinci. 

C..d.«.,.„ 

TiiiijerHnre-ioefielMI.                | 

IBP-lOO". 

iaf->S6°. 

ijtf^nr. 

NaOH.... 
NH.CL... 

215.  S 

130.7 

4.60 
3.47 

4.30 
3.80 

3.53 

As  in  the  case  of  hydrochloric  acid  (see  section  55,  Part  V)  the  teitipe 
ature-coefficient  of  sodium  hydroxide  decreases  rapidly  and  steadily  wit 

•The  values  of  the  constant  K  when  C  is  expressed  in  niilli-equiralents  per  lit 
are  S.33  at  18°,  17.33  at  100°,  33.1  at  156°,  and  61.9  at  218°.  For  purposes  of  intc 
poiation  they  may  be  used  with  A  values  between  (7  =  4  and  C  =  50,  but  not  wii 
the  A,  values  given  in  the  table. 

tThose  at  S1S°  are  so  affected  by  contamination  in  the  more  dilute  and  by  polai 
zation  in  the  more  concentrated  solution  as  to  make  a  stndj  of  the  conccntnjk 
function  of  little  significance. 


Section  6p. — Ionization  values. 
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rising  temperature,  owing  to  a  greatly  decreased  acceleration  of  the  fast- 
moving  ion.  On  the  other  hand  with  ammonium  chloride,  as  with  the  other 
neutral  salts  previously  investigated,  the  temperature-coefficient  is  greater 
between  lOO**  and  166**  than  between  18**  and  100^ 

It  is  also  of  interest  to  note  that  with  sodium  hydroxide  as  with  other 
substances  the  velocities  of  the  ions  approach  equality  with  rising  tem- 
perature. The  ratios  of  the  equivalent  conductance  at  zero  concentration 
to  that  of  sodium  chloride  and  potassium  chloride  (see  section  64,  Part 
V)  at  each  temperature  are  as  follows  : 

18° 

NaOHzKCl 1.98 

NaOH.NaCl 1.67 


lOOP 

156° 

218° 

1.64 

1.50 

1.47 

1.43 

1.33 

1.29 

Finally,  attention  may  be  called  to  the  fact  that  ammonium  hydroxide 
like  acetic  acid  at  0.1  to  0.01  normal  exhibits  a  maximum  of  conductivity 
between  100**  and  156*  owing  to  the  increase  in  migration-velocity  being 
overcompensated  by  decrease  in  ionization. 


69.    IONIZATION  VALUES  AND  THEIR  CHANGE  WITH  THE 
CONCENTRATION  AND  TEMPERATURE. 

The  percentage  ionization  of  the  various  substances  is  shown  in  table 
63.  The  values  were  obtained  by  dividing  the  equivalent  conductance  at 
the  different  concentrations  by  that  at  zero  concentration,  as  given  in  table 
59.     Those  for  10-milli-normal  sodium  hydroxide  were  interpolated  by 

Table  63. — Percentage  ionisation. 


Substance. 

Concentrt- 

tiOD. 

18°. 

100°. 

156°. 

218°. 

NaOH  

NH^Cl 

0 

2 

4 
10 
20 
40 
50 

0 

2 
10 
12.5 

0 
10 
20 
25 

100.0 
98.0 
97.9 
96.2 
94.9 

92.5 
100.0 
96.9 
93.7 
93.1 
100.0 
91.9 

*88!4 

100.0 
98.0 
97.0 
95.7 
94.1 

96)9 
100.0 

96.1 

92.2 
(91.4) 
100.0 

88.7 

'84!8 

100.0 

97.3 

96.3 

94.3 

92.3 

89.3 

(88.4) 

100.0 

95.7 

91.2 

(90.3) 

100.0 

87.1 

83.0 

81.5 

100 

.... 

95 
92 

88 

84 

(82) 

NHAH.Oa... 

Snbtunce. 

Concentra- 
tion. 

18°. 

51°. 

75.2°. 

100°. 

124.8°. 

156P. 

NH4OH 

0 
10       1 

100.0 

A.tW 

100.0 

100.0 
i!27 

100.0 
3.59 
2.10 
1.15 

100.0 

100.0 
2.46 
1.43 

30                 9.   3ft 

100 

1.31 

1. 

34 

1.02 

0.79 
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means  of  the  cube-root  equation,  so  as  to  enable  a  comparison  of  this 
substance  to  be  made  with  hydrochloric  acid  for  which  the  results  were 
presented  in  Part  V. 

It  was  shown  in  section  68  that  the  equivalent  conductance  A  of  sodium 
hydroxide  changes  with  the  concentration  C  in  accordance  with  the 
expression  C(Ao  —  A)  =  iir(CA)*,  where  «  is  approximately  1.6,  whence 
it  follows  that  the  ionization  y  follows  approximately  the  analogous  law 
C(l — y)  =iir(Cy)^'.  Thus  substantially  the  same  relation  between 
ionization  and  concentration  holds  true  for  this  base  as  for  hydrochloric 
acid  and  all  the  neutral  salts  thus  far  investigated. 

That  to  ammonium  hydroxide  the  mass-action  law  is  applicable  even  at 
the  higher  temperatures  is  shown  by  the  values  of  the  ionization-constant 
(Cy*)/(1  —  y)  given  in  table  64.  The  concentration  used  in  the  calcula- 
tion and  given  in  the  table  is  expressed  in  equivalents  per  liter  and  the 
constants  have  been  multiplied  by  10*. 


Table  64. — lonisation-constants  (X  10^)  for  ammonium  hydroxide. 


Concen- 
tration. 

18°. 

5lO. 

75.2*>. 

100°. 

124.8°. 

15«^. 

0.01 
0.03 
0.10 

17.3 
17.4 
17.2 

is!!' 

ieii' 

13.4 
13.5 
13.5 

ioii* 

6.20 
6.24 
6.28 

The  agreement  is  seen  to  be  excellent.  The  last  row  of  values  at  the 
highest  concentration  are  the  most  reliable  ones  to  adopt  as  final  values  of 
the  constant. 

The  effect  of  temperature  on  the  ionization-values  will  be  seen  from 
table  63.  Those  of  sodium  hydroxide  like  those  of  all  other  largely 
ionized  substances  investigated  steadily  decrease  with  rising  temperature, 
and  by  about  the  same  amount  as  with  hydrochloric  acid,  whose  percent- 
age ionization  at  10  milli-normal  is  97.1  at  18",  95.0  at  100%  93.6  at  156% 
and  92.2  at  218**.  It  is  of  some  interest,  too,  to  note,  that  ammonium  ace- 
tate though  a  salt  of  both  a  weak  acid  and  a  weak  base  has  about  the  same 
percentage  ionization  as  sodium  acetate,  for  which  the  values  in  10  milli- 
normal  solution  are  91.2  at  18%  88.8  at  100%  and  88.0  at  166% 

The  ionization  of  ammonium  hydroxide  (table  63),  and  of  course  also 
its  ionization-constant  (table  64),  increases  slightly  between  18**  and  51**, 
which  is  in  accordance  with  the  fact  that  its  ionization  at  18**  is  attended 
with  an  absorption  of  heat  of  about  1,500  cal.,  since  its  heat  of  neutraliza- 
tion with  hydrochloric  acid  is  12,200  cal.  Above  100**,  however,  the  ioni- 
zation decreases  rapidly,  as  with  other  substances. 


Section  70. — Description  of  the  Hydrolysis  Experiments,        lyp 

70.  DESCRIPTION  OF  THE  HYDROLYSIS  EXPERIMENTS. 

As  stated  in  section  60,  the  hydrolysis  experiments  were  made  by  measr 
uring  the  conductance  of  certain  ammonium  acetate  solutions,  containing 
in  one  case  the  salt  alone  and  in  other  cases,  in  addition,  varying  quanti- 
ties of  ammonium  hydroxide  or  acetic  acid.  Duplicate  measurements 
were  made  at  18*,  100**,  and  156**  with  acetate  solutions  of  two  concentra- 
tions, about  10  and  26  milli-normal.  In  the  experiments  with  the  mix- 
tures, also  made  in  duplicate,  approximately  equivalent,  or  two  or  five 
times  equivalent,  quantities  of  the  base  or  acid  were  simultaneously  present. 
The  method  of  procedure  in  preparing  the  solution  was  to  dilute  quanti- 
tatively by  weight  the  50  milli-normal  stock  solution  (see  section  62)  in 
one  case  with  water  and  in  other  cases  with  the  100  milli-normal  base  or 
acid  solution,  enough  water  being  also  added  in  these  cases  to  make  the 
salt  concentration  the  same  as  in  the  first  case.  The  measurements  were 
all  made  in  the  bomb  in  the  usual  way. 

71.  CONDUCTIVITY  DATA  FOR  AMMONIUM  ACETATE. 

The  data  of  the  experiments  with  ammonium  acetate  alone  and  with 
acetic  acid  or  ammonium  hydroxide  added  are  given  in  table  65  arranged 
as  in  the  preceding  tables  (50-53)  ;  but  the  specific  conductance  has  been 
given  instead  of  the  equivalent  conductance,  since  we  have  to  deal  here 
with  mixtures.  This  was  calculated  by  correcting  the  observed  conduct- 
ance for  that  of  the  water  (but  only  in  the  10  milli-normal  solutions  since 
there  it  amounted  to  only  about  0.1  per  cent)  and  multiplying  by  the  con- 
ductance-capacity. In  the  experiments  with  ammonium  hydroxide  added, 
made  from  March  27  to  April  20,  stock  solution  No.  3  prepared  March  17 
was  used.  In  the  later  experiments  of  June  17  to  June  26  an  ammo- 
nium hydroxide  solution  freshly  prepared  (on  June  17)  was  employed. 


Table  66. — Conductivity  data  for  ammonium  acetate. 


Date. 


1905 

Mar.   24.. 


Mar.  25.. 


Concentration  at  4*^. 


CHjCOjNH^ 


26.02 


NH^OH. 


26.02 


Temperatare. 


17.93 

100.08 

155.9 

17.93 

17.93 

99.54 

165.6 

99.54 

17.93 


Conduct- 
ance X  10«. 


15,409 
46,250 
58,240 
15,373 
15,413 
46,040 
58,410 
46,020 
15,396 


Specific 
conduct- 
ance X  10*. 


2,280 
6,838 
8,603 
2,275 
2,281 
6,806 
8,629 
6,803 
2,278 
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Table  ^.-^onductiviiy  data  for 

CSD^IICI- 

^^. 

Due. 

CH,CO.NH,. 

KH,(MI. 

1905 

Mar.  27.... 

26.06 

51.21 

17.93 

15,543 

2,300 

99 

61 

48.360 

7,14S 

155 

G 

69,160 

10^15 

17 

03 

15,579 

2^05 

Mnr.   28.... 

se.oe 

51.21 

17 

93 

15,547 

2.300 

99 

84 

48.540 

7,175 

1S5 

9 

69,250 

101229 

99 

84 

48.520 

7,172 

17 

93 

15,558 

2,308 

Mar.  29.... 

26.02 

23.70 

17 

93 

15,470 

2^89 

99 

92 

48.380 

7.151 

155 

6 

67.870 

10.028 

17 

93 

15,473 

2,290 

Mar.  30. . . . 

36.02 

25.70 

17 

93 

15,477 

2,290 

09 

74 

48,280 

7.137 

156 

4 

67,800 

10,016 

99 

75 

48.280 

7,137 

Apr.    5 

25.99 

17 

03 

15,492 

15.45S 

24J92 
2,287 

CH,CO,H 

17.93 

26.47 

99 

64 

48.280 

7,134 

156 

0 

66,890 

9.881 

17 

S3 

15.385 

2,276 

Apr.   fl 

25.99 

26.47 

17 

93 

15,461 

2,288 

99 

15 

48,100 

7,110 

15G 

7 

87,070 

9,907 

99 

14 

47.800 

7,0M 

17 

93 

15,420 

2.282 

Apr.    7 

2S.00 

52.00 

17 

93 

15,490 

2,292 

99 

49 

48.280 

7,138 

155 

8 

68.360 

10,098 

i)0 

48,030 

7.100 

17 

15,425 

2.282 

Apr.    8 

26.00 

S2.82 

17 

15.480 

2.290 

Bfl 

58 
6 

48,310 
68,300 

7.J41 
10,090 

og 

48.050 

7,103 

17 

93 

1.5.437 

2,284 

Apr.  10..... 

10.404 

17 

93 

6,389 

945.6 

99 

49 

19.235 

2,843 

155 

8 

24,330 

3,579 

BS 

45 

19.159 

2,832 

17 

6,358 

940.9 

Apr.  11 

10.404 

17 

93 

6,392 

945.0 

99 

30 

19,238 

2.844 

156 

1 

24.260 

3,584 

99 

53 

19.154 

2,831 

17 

93 

e.368 

942.4 

NH,OK 

.\pr.  13 

10.410 

I0.B63 

17.93 

6.452 

954.2 

99 

58 

20.290 

3.087 

156 

0 

28,390 

4.190 

99 
17 

58 
9.1 

20,190 
6.478 

2,983 
9S1.0 

Apr.  13 

10.410 

10.2fi3 

17 

93 

6,453 

954.2 

99 

85 

20,250 

2.992 

150 

2 

28,410 

4.203 

Section  yr. ^-Conductivity  Data 
Table  ei.—CoHduclivily  data  for 


for  Ammonium  Acetate, 
actio  te  — Continued. 


c 

spcciac 

DllE. 

CH.CO,NH.. 

NH,OH. 

Tempii.TBit. 

.„''"l». 

,"°t"l0<. 

1905 

99.63 

30^10 

3.986 

17.93 

6,478 

9S8.9 

Apr.   14 

10.405 

20.  SS 

17.93 

S,48S 

959.4 

09.48 

30,390 

3,997 

155.9 

29,070 

4.292 

17.B3 

6.533 

964.6 

Apr.  15..... 

10.405 

20.33 

17.93 

W95 

900.5 

gg.fis 

20,300 

2,999 

158. 2 

39,070 

4,298 

99.44 

30,300 

3,999 

17.B3 

8,519 

983.9 

Apr.  IB-.... 

10.406 

51.  S9 

17.93 

6,616 

978.4 

99.  ei 

30.580 

3,040 

158.0 

20,930 

4,417 

17.93 

6,050 

983.4 

Apr.  za.... 

10.406 

51.29 

17.93 

6,837 

980.1 

99.89 

20,800 

3.012 

156.6 

29,900 

4.412 

99.69 

20,610 

3,044 

Apr.  21 

10.407 

17.  B3 
17.93 

6,834 
8.514 

9B3.9 
H3.3 

CH.CO^ 

21.12 

99 

43 

20^330 

VM 

Apr.  24 

10.406 

52.76 

17 

93 

8,841 

98S.4 

100 

04 

20,600 

3.043 

99 

87 

30^70 

'3,610 

17 

93 

6,807 

977.0 

Apr.  27 

10.406 

53.78 

17 

93 

8,848 

983.1 

1S5 

8 

39.230 

4,316 

17 

93 

6.5S* 

973.6 

Apr.  29..... 

10.407 

B1.13 

J7 

93 

6,509 

962.5 

99 

74 

30,380 

3,011    • 

1S5 

7 

28,730 

4JS41 

99 

71 

20,210 

2.986 

17 

93 

6.480 

958.1 

May    2 

10.409 

10.569 

17 

93 
99 

8.469 
20.330 

9S8.6 
3,003 

156 

0 

28.260 

4,170 

100 

01 

2.986 

17 

93 

6,448 

953.8 

May    3 

10.435 

10.577 

17 

93 

8,482 

958.7 

99 

76 

20,320 

3,003 

155 

4 

28,350 

4.169 

17 

93 

6,464 

956.0 

June  17.... 

10.3S1 

SO. 12 

17 

93 

8,538 

966.8 

155 

0 

29.470 

4,352 

17 

S3 

8,549 

968.3 

June  21.... 

10.412 

53.54 

17 

93 

6.637 

981.3 

99 

88 

20,670 

3,054 

156 

4 

29,950 

4.221 

17 

93 

8.677 

S87.4 

June  28.... 

10.414 

43.92 

17 

93 

6,537 

966.6 

99 

29 

20.470 

3,035 

155 

0 

29,600 

4.372 

17 

93 

6.595 

975.1 

l82 


Conductivity  of  Aqueous  Solutions. — Part  VI, 


72.    SUMMARY  OF  THE  SPEOFIC  OONDUCTANCE  VALUES. 

Table  66  summarizes  the  values  of  the  specific  conductance  coirected 
so  as  to  correspond  to  round  temperatures  and  to  a  uniform  concentratioo 
of  the  salt.  The  correction  to  round  temperatures  was  made  ^th  the  help 
of  temperature-coefficients  obtained  as  in  the  previous  cases.  The  correc- 
tion to  uniform  concentration,  which  seldom  exceeded  0.2  per  cent,  was 
made  by  assuming  proportionality  between  it  and  specific  conductance. 

Table  66. — Specific  conductance  of  ammonium  acetate  solutions  at  round  temperatures. 


Date. 


1905 

Mar.  24 

Mar.  25 

Mean 

Apr.  10 

Apr.  11 

Mean 

Apr.    5 

Apr.    6 

Mean 

Apr.    7 

Apr.     8 

Mean 

Apr.  21 

Apr.  29 

Meau 

Apr.  24 

Apr.  27 

Mean 

May     2 

May    3 

Mean 


Mar.  27 

Mar.  28 

Mean 

Mar.  29 

Mar.  30 

Mean 

Apr.  12 

Apr.  13 

Mean 

Apr.  14 

Apr.  15 

Mean 

Apr.  19 
Apr.  20 
June   17 
June  21 
June  26 
Mean 


Concentration  at  4*^. 


CH,CO|NH4, 


26.00 
26.00 


10.400 
10.400 


10.400 


CH,CO^. 


26.00 
26.00 


26.00 


26.00 
26.00 


26.47 
26.47 


26.47 

52.00 
52.00 


26.00 


10.400 

10.400 

10.400  I     21.13 


52.00 

21.12 
21.13 


10.400 
10.400 


52.76 
52.76 


10.400 


10.400 
10.400 


10.400 


26.00 
26.00 


26.00 


52.76 


10.569 
10.577 


10.573 


NH^OH. 


51.21 
51.21 


51.21 


26.00 
26^ 
26.00" 


25.70 
25.70 


25.70 


10.400 
10.400 


10.263 
10.263 


10.400  i     10.263 


10.400 
10.400 


10.400 


20.52 
20.52 


20.52 


10.400 
10.400 
10.400 
10.400 
10.400 


51.29 
51.29 
50.12 
53.54 
♦43.93 


10.400  I  51.56 


*  Values  with  an  asterisk  were  not  inc 


Specific  oondactaace  X  10*. 


18^. 


Inlrial. 


2,281 
2,282 


946.7 

2,291 
2,292 


2,291 


2,295 
2,293 


2,294 


Pinal. 


2,276 
2,279 


2,277 


041.9 
943.4 


942.6 


2,280 
2,286 


2,285 
2,287 


2,286 


964.0 
963.2 


958.8 


963.6 


983.2 
983.9 


983.5 


958.8 


977.8 
974.4 


957.1 
957.7 


957.4 


976.1 


954.3 
955.0 


954.6 


2,298 
2.298 


2,298 


2,290 
2.291 


2,290 


954.7 
954.7 


954.7 


960.3 
961.4 


960.8 


979.2 
980.9 
976.1 
981.6 
♦966.8 


2,303 
2,300 


2,301 


2,291 
2.293 


2,292 


958.5 
958.4 


958.4 


965.5 
964.8 


965.1 


979.4 


984.2 
984.4 
977.6 
987.7 
♦975.3 


983.5 


Inidal. 


6,830 
6.821 


6,825 


2,851 
2,852 


7,157 
7.158 


7,165 


3,016 
3,015 


3,015 


3,040 


3,040 


3,000 
3,002 


3,001 

7,153 
7,168 


7,160 


7,149 
7,145 


7,147 


2,995 
2,998 


7.114 


7»125 
7.128 


7.126 


2,991 


• . .  • 


3,011 


2,983 


2,983 


7,164 


7,164 


9.905 


IMOS 
101,109 


loqoe 


4.243 


4.243 
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4,318 

4,166 
4,170 


4,168 


10,212 
104^11 


7,145 


7,145 


10,211 


10,040 
9.988 


10.014 


2,991 
2,992 


3,010 


3,043 
3,048 

...... 

3,053 
♦3,036 


3,048 


3,013 


3,050 


. . .  *  • 


3,050 


uded  in  deriving  the  mean. 


4,186 
4,185 


4»403 
4.398 
4»388 
4.408 
♦4.891 
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It  will  be  seen  from  these  results  that  in  case  of  the  salt  alone  and  of  the 
mixture  of  it  with  acetic  acid  the  final  values  both  at  18**  and  100°  are 
from  0.2  to  0.9  per  cent  lower  than  the  initial  values  at  the  same  tempera- 
tures, showing  that  in  the  heating  at  ISG""  some  change  took  place  by 
which  the  conductance  was  decreased.  On  the  other  hand  with  the  mix- 
tures containing  ammonia  the  final  values  do  not  differ  much  from  the  ini- 
tial ones  in  the  case  of  the  26  milli-normal  solution,  but  are  larger  than 
the  latter  in  the  case  of  the  10  milli-normal  one  by  about  0.4  per  cent  at 
18**  and  by  about  0.16  per  cent  at  100*  showing  that  some  contamination 
took  place  in  heating  to  lOO""  and  that  this  increased  on  heating  to  156**. 

The  final  data  needed  for  the  computation  of  the  hydrolysis  and  some 
calculated  values  derived  from  them  are  presented  in  table  67.  The  first 
column  gives  the  temperature,  and  the  next  two  columns  give  the  concen- 
trations of  the  salt  and  acid  or  base  in  milli-equivalents  per  liter  at  that 
temperature.  The  column  headed  Lm  contains  the  most  probable  values 
of  the  specific  conductance  derivable  from  the  separate  values  of  table  66. 
At  18**  the  means  of  the  "initial"  values  have  been  adopted;  and  the  same 
is  true  at  100**  in  the  case  of  the  ammonitun  acetate  alone  and  of  the  mix- 
ture of  it  with  acetic  acid.  In  the  case  of  the  mixtures  with  ammonia  the 
mean  initial  values  of  the  specific  conductance  were  decreased  by  half  the 
percentage  amount  at  100**,  and  by  the  same  percentage  amount  at  166**, 
as  the  initial  differed  from  the  final  conductance  at  18**.  At  156**  in  the 
case  of  the  salt  alone  and  the  mixtures  with  acetic  acid,  the  specific  con- 
ductance was  increased  by  the  same  percentage  amount  as  the  initial  dif- 
fered from  the  final  conductance  at  100**.  These  corrections  are  based 
upon  the  indications  of  contamination  just  referred  to. 

In  the  next  column  of  the  table  under  l^a  or  Lboh  is  given  the  conduct- 
ance of  the  ammonium  hydroxide  or  acetic  acid  present  in  the  solution. 
This  conductance  has  been  calculated  in  the  following  manner:  In  the 
mass-action  equation 

CbCoh         ^    ^^    CaCh    -r 

-^ =  /vB  or  —7^ —  Aa 

Cboh  Cha 

(where  B  represents  the  ammonium  ion  or  radical  and  A  the  acetate  ion 
or  radical)  we  can  substitute  for  Cb  or  Ca  the  ratio  Lba/Aoba  of  the 
specific  conductance  (lba)  of  the  salt  to  its  equivalent  conductance 
(Aqba)  when  completely  ionized,  and  thus  obtain  in  terms  of  known 
quantities  Coh  or  Ck,  which  is  the  concentration  of  the  dissociated  base 
or  acid.  Multiplying  this  by  the  equivalent  conductance  (A^boh  or 
Aoha)  of  the  base  or  acid  when  completely  ionized,  we  get  the  specific 
conductance  (i^boh  of  Lha)  of  the  base  or  acid  in  the  mixture.    That  is: 

Lboh  =  KbCbou  AoBoh  - —  and  Ijha  ^  -^aChaA^^ha  7 — .    The  values  of 

Lba  ^ba 

AoBA  employed  are  those  given  in  table  59. 
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The  values  so  computed  of  LpoH  or  Lha  have  then  been  subtracted  from 
the  specific  conductance  Lm  of  the  mixture  and  the  resulting  differences, 
which  represent  the  specific  conductance  of  the  salt  in  the  mixture,  are 
given  in  the  succeeding  coliunn  headed  Lba. 

In  the  next  to  last  column  headed  ]^  is  given  the  specific  conductance  of 
the  salt  when  present  in  water  alone  at  the  same  concentration  which  it 
has  in  the  mixture,  the  values  given  at  IS""  and  100"*  being  the  mean  of  the 
directly  observed  initial  values  recorded  in  table  66,  and  those  at  156* 
being  the  corresponding  mean  increased  so  as  to  correct  for  contamination 
as  stated  in  the  first  paragraph  of  this  section. 

In  the  last  column  headed  Lba  —  Lg  is  given  the  difference  between  the 
values  in  the  two  preceding  columns.  This  difference  represents  the 
increase  of  conductance  produced  by  reduction  of  the  hydrolysis  by  the 
addition  of  the  base  or  acid. 

Tabe  67. — Specific  conductance  of  constituents  in  ammonium  acetate  soluHons, 


Concentration  at  t^. 

SpccUU  coadactanco  X  10*.                                 | 

Tenper- 
atnre 

Salt. 

Add  (A)  or 

Mixture. 

Add  or  baac 

Salt  in 

Salt  alone 

ffa.  ^..•AA. 

Bate  (B). 

in  nlstore. 

nixtare. 

in  waiar. 

/o. 

<^1A. 

^HA  •'  ^BOH. 

hm. 

2aiA  «'  hmoB. 

kMA. 

i». 

laA-la. 

18 

25.96 

26.43  A 

2^391 

7 

2^284 

2,281 

3 

25.96 

25.66  B 

2^390 

4 

2,286 

2,281 

5 

25.96 

52.76  A 

2,294 

15 

2,279 

2,281 

— 2 

25.96 

51.14  B 

2,298 

9 

2,289 

2,281 

8 

Mean.... 

2,285 

_  2,281 
947 

4 
3 

10.387 

10.559  A 

957 

7 

950 

10.387 

10.249 B 

955 

4 

951 

947 

4 

10.387 

21.09   A 

964 

14 

950 

947 

3 

10.387 

20.50   B 

961 

9 

952 

947 

5 

10.387 

52.69   A 

983 

35 

948 

947 

1 

100 

10.387 

51.49   B 

976 

22 

954 

947 

7 

Mean.... 

951 

947 

4 
322 

24.92 

25.37   A 

7,157 

10 

7,147 

6,825 

24.92 

24.63    B 

7,144 

9 

7,135 

6,825 

310 

24.92 

50.64   A 

7,165 

20 

7,145 

6,825 

320 

24.92 

49.09   B 

7,156 

19 

7,137 

6,825 

312 



Mean.... 

7.141 

6.825 
2,851 

316 
141 

9.970 

10.136  A 

3,001 

9 

2,992 

9.970 

9.838 B 

2,990 

9 

2,981 

2,851 

130 

9.970 

20.25   A 

3,015 

19 

2,996 

2,851 

145 

9.970 

19.675  B 

3,003 

19 

2,984 

2,851 

133 

9.970 

50.58   A 

3,040 

48 

2,992 

2,851 

141 

156 

9.970 

49.43    B 

3,041 

47 

2,994 

2,851 

143 

9,964 

Mean.... 

2.990 
9,959 

2.851 

130 

23.68 

24.11    A 

5 

8,625 

1334 

23.68 

23.40    B 

10,004 

5 

9,999 

8,625 

1,374 

23.68 

48.12   A 

10,163 

13 

10,150 

8,625 

1,525 

23.68 

46.64    B 

10,196 

14 

10,182 

8,625 

1,557 

9.473 

9.631  A 

4,193 

6 

4,187 

3,596 

501 

9.473 

9.348 B 

4,169 

6 

4,163 

3,596 

567 

9.473 

19.243  A 

4,278 

13 

4,265 

3,596 

660 

9.473 

18.694 B 

4,270 

13 

4,257 

3,596 

661 

9.473 

48.06   A 

4^360 

31 

4,329 

8,596 

733 

9.473 

46.97   B 

4,381 

32 

4,349 

3,596 

753 
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73.    THE  HYDROLYSIS  OF  AMMONIUM  ACETATE  AND  THE  lONIZATION- 

CONSTANT  OF  WATER. 

From  table  67  it  will  be  seen  that  at  IS""  the  excess  of  acid  or  base 
causes  an  increase  of  only  0.2  to  0.5  per  cent  in  the  conductance,  in  cor- 
respondence with  the  small  degree  of  hydrolysis  known  to  exist  at  this 
temperature.  An  accurate  calculation  of  it  from  these  results  is  therefore 
not  possible.  At  the  higher  temperatures,  however,  the  increase  is  consid- 
erable —  about  6  per  cent  at  100%  and  16  to  21  per  cent  at  166^  At  100"* 
the  addition  of  a  quantity  of  acid  or  base  equivalent  to  the  salt  produced 
as  great  an  increase  as  a  larger  quantity,  showing  that  the  hydrolysis  had 
been  reduced  substantially  to  zero.  The  effect  of  the  acid  was,  as  it 
should  be,  nearly  equal  to  that  of  the  base,  the  small  differences  observed 
being  doubtless  due  to  experimental  error.  The  percentage  increase  was 
also  nearly  the  same  at  the  two  concentrations  of  the  salt  (4.6  and  1.9 
per  cent)  respectively,  showing  that  the  hydrolysis  does  not  increase  much 
with  the  dilution,  which  is  what  the  mass-action  law  requires  for  a  salt 
whose  acid  and  base  are  both  weak.  At  156"*  the  second  equivalent  of  acid 
or  base  produces  a  large  further  increase  in  conductance,  showing  that 
the  salt  is  still  somewhat  hydrolyzed.  Here  again  the  acid  and  base  have 
not  far  from  the  same  effect,  as  they  should  have  on  account  of  the  small- 
ness  of  their  ionization  constants. 

The  quantitative  calculation  of  the  ionization  at  100"*  is  comparatively 
simple.  Since  the  hydrolysis  is  reduced  to  zero  by  the  added  add  or  base, 
the  increase  in  specific  conductance  produced  by  it  wiien  divided  by  the 
equivalent  conductance  A©  (338)  of  the  completely  ionized  salt  gives  at 
once  the  number  of  equivalents  per  cubic  centimeter  of  free  acid  and  base 
which  have  been  converted  into  ions.  In  addition  a  quantity  of  the 
un-ionized  salt,  corresponding  to  the  increased  concentration  of  its  ions,  is 
produced  out  of  the  add  and  base.    To  compute  this,  we  have  made  use 

of  the  equation    ^.^  — '^ — rr-  =  K  (where  y  is  the  fraction  ionized  and 

C(l  —  y  —  h) 

h  the  fraction  hydrolyzed),  in  which  we  have  determined  the  constants  n 
and  K  from  the  conductances  (i^ba)  of  the  unhydrolyzed  salt  (7,141  and 
2,990  X  10^)  at  the  two  concentrations  (24.92  and  9.97  milli-equivalents 
per  liter)  investigated  and  from  the  A©  value  for  the  salt.*  We  have  then 
calculated  from  the  values  of  l/A^,  which  are  equal  to  Cy,  tiie  concentra- 
tion of  un-ionized  salt,  C(l  —  y  —  h),  both  in  the  solution  containing  the 
salt  alone  and  in  that  to  which  acid  or  base  had  been  added. 

*For  this  last  calculation  we  used  a  preliminanr  value  of  A«,  namely  333  instead 
of  338;  but  this  could  have  onlv  an  inappreciable  influence  on  the  result  The 
numerical  equation  so  obtained  when  the  concentration  is  expressed  in  miUi-equiva- 
lents  per  liter  is:  log^(l— Y— A)  =1.443  logit(CY)  — 1.379. 
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The  excess  of  the  second  value  over  the  first  value  gives  the  un-ii 
salt,  aC(1  —  y  —  h),  that  has  been  produced  out  of  free  acid  and  base: 
this  added  to  the  quantity  (ACy)  of  ions  similarly  produced  gives  the 
quantity  of  salt  in  the  hydrolyzed  state  when  it  is  alone  present  in  water; 
and  this  divided  by  the  concentration  (C)  gives  the  fraction  hydrolyzed 
(Ao).    The  results  of  the  computations  are  given  in  table  68. 

Table  6S.— -Hydrolysis  of  ammonium  acetate  and  ionisation-canstant  of  water  at  100*. 


c 

IOOToO' 
100L,/CA^ 

A  (Cy)  or 

A  (C(l-y-*)) 

C»o 

100  Ao 

K^  X  10** 

24.92 
9.97 

82.2 
85.9 

0.94 
0.411 

0.21 
0.064 

1.15 
0.475 

4.61 
4.76 

48.5 
47.4 

It  will  be  seen  from  table  68  that  the  hydrolysis  h^  is  only  a  little 
greater  at  10  than  at  25  milli-normal.  From  each  of  these  indues  the 
ionization-constant  of  water  (Kw  ^  Ch  X  Coh)  has  been  calculated,  and 
the  results  are  given  in  the  last  column,  the  concentration  being*  here 
expressed  in  equivalents  per  liter.    The  calculation  was  made  by  means  of 

the  mass-action  expression  Kw  =  KAKB—jin  which  Ka  and  Kb  are  the 

ionizatioiv-constants  of  the  acid  and  base  respectively,  and  h  and  y  are  the 

hydrolysis  and  ionization  of  the  salt  in  water  alone.    This  expression  is 

readily   obtained   by  multiplying  together  the  two  ionization-equations 

r^    CbCa       %  t^   CbCoh 

^A  —  -j^; —  and  Ab  —  "Cboh"  '  substituting  /Cw  for  Ch  X  Coh,  yCs  for  Ca 

and  for  Cb,  and  CsAo  for  Cha  and  Cboh,  and  transposing.     It  will  be  noted 
that  the  two  independent  values  of  K^  agree  almost  completely. 

In  order  to  calculate  the  hydrolysis  at  156°  from  the  conductance  data  it 
is  necessary,  since  the  hydrolysis  is  not  reduced  to  zero  even  by  the  largest 
quantity  of  acid  or  base  added,  to  unite  with  the  empirical  relation  between 
the  concentrations  of  ions  and  un-ionized  molecules,  the  mass-action 
relation  between  the  concentration  of  the  ions  and  the  products  of  the 
hydrolysis.  These  two  expressions,  if  y  represents  the  fraction  of  the  salt 
existing  as  ions  and  h  the  fraction  hydrolyzed  into  free  acid  and  base  and 
Cg  and  Cboh  are  the  concentrations  of  the  salt  and  of  the  added  base  (or 
acid)  respectively,  are 


(yCb) 


and 


Cs(l  — y  — A) 
(CB0H+Cs/r)C8/» 


=  const. 


(1) 


(^+»)' 


KaKb 


=  const (2) 
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Or,  representing  by  yo  and  Ao  the  ionization  and  hydrolysis  of  the  salt 
when  in  water  alone,  and  by  y^  and  h^  these  same  quantities  when  the  con- 
centration of  the  salt  is  the  same,  but  base  (or  acid)  is  present  in  excess 
at  a  concentration  Cboh,  and  writing-  r  for  CBon/Cs  we  have : 

\yo/  1— yo  — Ao^  Vyo/  V 

two  simultaneous  equations  which  can  be  solved  for  h^  and  h  since  the 
other  quantities  may  be  derived  from  the  measurements.  Thus  the  ratio 
yi/Vo  is  equal  to  Lba/j^s  (see  table  67),  and  the  separate  values  of  y^  and 
yo  are  given  by  the  quotients  Lba/CbA^  and  ifi/CoA^,  A^  being  equal  to  623. 
For  the  exponent  n  we  asstmied  provisionally  the  value  1.6,  which  is 
that  for  soditun  acetate  at  this  temperature  (see  section  55,  Part  V)  ;  but 
after  the  hydrolysis  had  been  computed  for  the  two  different  salt-concen- 
trations it  was  obtained  by  direct  application  of  equation  (1)  to  the  mean 
of  the  two  sets  of  results,  and  was  thus  found  to  be  1.46 ;  and  with  this 
new  value  of  n  the  calculations  were  repeated,  although  this  variation  in  n 
produced  a  decrease  in  Ao  of  only  0.7  per  cent  of  its  value  both  at  23.68 
and  at  9.473  milli-normal.  Equations  (3)  and  (4)  can  be  completely 
solved  algebraically  for  h^  or  h^^;  but  it  is  far  simpler  to  use  only  the 
incomplete  solution  obtained  by  taking  the  logarithm  of  equation  (3)  and 
eliminating  h^  from  it  by  means  of  equation  (4),  whereby  results  the 
expression : 

log 1  — yi  — fti      =(n  — 1)  log  A    . 

(i-yo)^-VM''  +  A)  ^' 

y© 

This  equation  can  be  readily  solved  for  h^  by  trial,  and  ^o  ca^^  then  be  cal- 
culated by  (4). 

The  results  of  the  calculations  are  given  in  table  69.  The  headings  will 
be  understood  by  reference  to  the  preceding  paragraph.  In  computing 
the  ionization-constant  of  water,  which  was  done  as  before  by  the  expres- 

h  * 
sion  ^w  =  KaKb  -^,  the  concentration  was  expressed  in  equivalents  per 

y© 

liter  and  the  values  of  Kk  and  ATb  used  were  5.67  X  lO"*  and  6.28  X  lO"' 
respectively.  The  letter  A  after  the  value  of  the  ratio  r(=  Cs/Cb)  signi- 
fies that  acetic  acid,  the  letter  B,  that  ammonium  hydroxide  was  present  in 
excess. 
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Table  69,—Hydrolysis  of  ammonium  acetate  and  ionitatum-canstani  of 

water  at  156^. 


c. 

r 

lOOYo 

lOOy 

100  A 

100*0 

r^  X  10«4 

23.68 
23.68 
23.68 
23.68 

Mean... 

9.473 
9.473 
9.473 
9.473 
9.473 
9.473 

Mean... 

1.018  A 
0.988  B 
2.032  A 
1.969  B 

70.73 
70.73 
70.73 
70.73 

81.66 
81.99 
83.23 
83.49 

3.95 
4.34 
2.13 
2.46 

17.6 
18.2 
17.8 
18.3 

221  A 
236  B 
225  A 
238  B 

70.73 

17.97 

f  223  A 
1237  B 

1.017  A 
0.987  S 
2.031  A 
1.973   B 
5.073  A 
4.958  B 

73.71 
73.71 
73.71 
73.71 
73.71 
73.71 

85.82 
85.33 
87.42 
87.26 
88.73 
89.14 

4.40 
4.16 
2.30 
2.33 
1.00 
1.06 

18.5 
17.8 
18.3 
18.2 
18.6 
19.0 

224  A 
208  B 
219  A 
217  B 
226  A 
236  B 

.......... 

1 

73.71 

18.60 

f223  A 
1221  B 

An  examination  of  the  values  of  Kw  given  in  the  last  column  of  table  69 
shows  that  those  derived  from  the  experiments  where  acetic  add  was 
added  agree  closely  with  one  another  not  only  in  case  of  the  successive 
additions  of  the  acid  but  also  at  the  two  different  concentrations  of  the 
salt ;  while  those  from  the  experiments  where  ammonium  hydroxide  was 
added  are  far  less  concordant  whether  considered  with  respect  to  the  suc- 
cessive additions  (in  the  second  series)  or  to  the  different  salt-concentra- 
tions. This  fact,  taken  in  conjunction  with  the  experience  that  the  base 
solutions  are  far  more  liable  to  contamination,  justifies  the  adoption  of  the 
value  223  X  10"^*  derived  from  the  experiments  with  the  acid  as  the  best 
final  value  for  the  ionization-constant  of  water  at  156*.  It  is  worthy  of 
note,  however,  that  the  mean  value  229  X  10'^*  derived  from  the  experi- 
ments with  the  base  is  less  than  3  per  cent  higher  than  this. 

Table  70. — lonisation  of  water  at  vari- 
ous temperatures. 


Temperatare. 

r^  X 10" 

C„X  lOT 

18 
100 
156 

0.6 
48 
223 

0.8 

7.0 

14.9 

Finally  it  is  of  much  interest  to  compare  the  values  of  the  ionization- 
constants  of  water  and  the  concentration  of  hydrogen  or  hydroxide  ions  in 
it  at  18**,  100**,  and  156°.  At  18°  the  constant  has  been  derived  from  the 
conductivity  measurements  of  Kohlrausch  and  Heydweiller  with  the 
purest  water  obtainable,  and  this  value  has  been  roughly  confirmed  in 
a  variety  of  other  ways.*    This  we  have  included  with  our  values  at  100* 


♦See  Nemst,  Theoretische  Chemie,  4*«  Auflage,  p.  503  (1903). 
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and  IBQ"*  in  table  70.  The  table  also  contains  the  concentration  of  the 
hydrogen  or  hydroxide  ion  (Cm  =  Cou  =y/Kyr)  at  all  these  temperatures. 
It  win  be  seen  that  the  ionization-constant  increases  about  80-fold 
between  18*"  and  100*",  but  only  4>4-fold  between  lOO*"  and  ISG**.  When  it 
is  considered  that  at  these  higher  temperatures  not  only  the  ionization- 
constant  of  water  is  so  much  greater  than  at  18'',  but  also  that  the  ioniza- 
tion of  weak  acids  and  bases  is  very  much  less  than  at  18'',  it  will  be  evi- 
dent that  the  tendency  of  salts  to  hydrolyze  is  enormously  increased  at 
high  temperatures.  This  is  well  illustrated  by  ammonium  acetate  itself, 
which  at  0.01  normal  concentration  is  hydrolyzed  to  an  extent  of  0.4 
per  cent*  at  18°,  4.8  per  cent  at  100*,  and  18.3  per  cent  at  156**. 


74.    SUMMARY. 

In  this  article  have  been  presented  the  results  of  conductivity  measure- 
ments at  various  concentrations  with  sodium  hydroxide  at  18**,  100**,  166**, 
and  218**,  with  ammonium  chloride  and  hydroxide  at  18**,  100*,  and  166*, 
and  with  ammonium  acetate  both  alone  and  in  the  presence  of  an  excess  of 
ammonium  hydroxide  and  acetic  acid,  at  these  same  temperatures.  For  the 
final  results  see  tables  69  and  67.  From  them  the  equivalent  conductance 
at  zero  concentration  has  been  derived  by  extrapolation  or  by  the  law  of 
the  independent  migration  of  ions,  and  the  ionization  of  all  these  sub- 
stances has  been  calculated  (see  table  63).  An  indirect  method  of  meas- 
uring and  computing  the  hydrolysis  of  a  salt  of  a  weak  acid  and  base 
from  its  conductivity  alone  and  in  the  presence  of  free  add  or  base  has 
been  described  (in  section  73),  and  the  method  has  been  applied  to  the 
results  with  ammonium  acetate.  From  the  hydrolysis  of  this  salt  and  the 
ionization-constants  of  ammonium  hydroxide  and  acetic  acid,  the  ioniza- 
tion of  water  at  100*  and  166*  has  been  calculated. 

The  results  justify  the  following  conclusions : 

(1)  The  equivalent  conductance  of  sodium  hydroxide  at  zero  con- 
centration increases  with  rising  temperature  at  a  steadily  decreasing  rate 
as  in  the  case  of  hydrochloric  acid,  and  the  ratio  of  it  to  that  of  sodium 
chloride  approaches  imity,  showing  that  the  hydroxide  ion  has  a  velocity 
more  nearly  equal  to  that  of  the  chlorine  ion  at  the  higher  temperatures. 

(2)  The  degree  of  ionization  of  sodium  hydroxide  at  all  temperatures, 
the  law  of  its  change  with  ^e  concentration,  and  its  decrease  with  the 
temperature,  all  correspond  closely  to  that  of  neutral  salts  of  the  same 
ionic  t3rpe. 

*The  value  at  18*  is  calculated  from  the  ionization-constants  of  water,  acetic  acid, 
and  ammonium  hydroxide. 
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(3)  The  degree  of  ionization  of  ammonitun  hydroxide  increases 
slightly  between  18°  and  61**,  but  above  61*  it  decreases  rapidly,  as  in 
the  case  of  all  other  substances  thus  far  investigated.  Thus  the  values 
of  its  ionization-constant  multiplied  by  10'  is  17.2  at  18°,  18.1  at  51*, 
13.5  at  100°,  and  6.3  at  156°.  The  mass-action  law  expresses  the  change 
with  the  concentration  at  all  temperatures. 

(4)  The  hydrolysis  of  ammonium  acetate  which  is  about  0.4  per  cent 
at  18°,  was  found  to  be  about  4.8  per  cent  at  100°  and  about  18  per  cent 
at  156°,  and  to  vary  only  slightly  with  the  concentration  of  the  salt,  as 
the  mass-action  requires  in  the  case  of  a  salt  of  this  type. 

(5)  The  ionization-constant  of  water  (that  is,  the  product  of  the 
concentrations  of  the  hydrogen  and  hydroxide  ions  in  it)  which  has  been 
previously  found  by  Kohlrausch  and  Heydweiller  to  be  0.6  X  10~**  at 
18,  is  48  X  10-"  at  100°,  and  223  X  10""  at  156°,  as  deduced  from  the 
hydrolysis  of  ammonium  acetate.  This  great  increase  combined  with 
the  decrease  in  ionization  of  weak  acids  and  bases  produces  at  high  tem- 
peratures an  enormous  increase  in  the  tendency  of  salts  to  hydrolyze. 
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Part  VII. 

CONDUCTIVITY  AND  IONIZATION  OF  AMMONIUM  HYDROXIDE, 
AMMONIUM  CHLORIDE,  AND  ACETIC  ACID  AT  218°  AND  306^ 
AND  OF  SODIUM  ACETATE  AT  306°.  HYDROLYSIS  OF  AMMO- 
NIUM ACETATE  AND  IONIZATION  OF  WATER  AT  218°  AND  306°. 


75.  OUTLINE  OF  THE  INVESTIGATION. 

This  investigation  is  substantially  an  extension  to  higher  temperatures 
of  the  investigation  of  Noyes  and  Kato  (see  Part  VI)  on  the  hydrolysis 
of  ammonium  acetate  and  the  ionization  of  water  at  100*  and  166*. 
Noyes  and  Cooper  (see  Part  V)  have,  to  be  sure,  determined  roughly 
the  ionization  of  water  at  218*  from  the  hydrolysis  of  soditmi  acetate; 
but,  on  account  of  the  small  degree  of  hydrolysis,  the  probable  error  in 
their  calculation  is  large.  It  was  the  object,  therefore,  of  the  present 
investigation  to  derive  as  accurately  as  possible  the  value  of  the  ioniza- 
tion of  water  at  218*  and  at  306*  from  the  hydrolysis  of  ammonium 
acetate.  The  experimental  data  necessary  are :  the  conductivities  at  218* 
and  306*,  at  small  concentrations,  of  sodium  chloride,  soditmi  acetate, 
hydrochloric  acid,  sodium  hydroxide,  and  ammonium  chloride;  the  con- 
ductivities of  ammonium  hydroxide  and  acetic  acid  at  varying  concen- 
trations ;  and  the  conductivity  of  ammonium  acetate  alone  and  with  vary- 
ing additions  of  ammonium  hydroxide  or  acetic  acid.  Of  these,  the 
data  at  218*  for  the  first  three  substances  and  for  acetic  acid  have  been 
determined  by  Noyes  and  Cooper;  those  for  sodium  hydroxide  at  218*, 
by  Noyes  and  Kato;  those  for  sodium  chloride  at  306*,  by  Noyes, 
Coolidge,  and  Melcher ;  and  those  for  hydrochloric  acid  at  306*,  by  G.  W. 
Eastman.  The  data  for  sodium  hydroxide  at  306*  have  not  yet  been 
determined,  but  an  estimate  of  its  equivalent  conductance  for  complete 
ionization  has  been  made  on  the  basis  of  the  results  at  lower  temperatures 
and  the  relations  to  the  conductance  of  the  other  substances. 

76.  APPARATUS  AND  PROCEDURE. 

The  apparatus  employed  was  in  principle  the  same  as  that  used  in 
the  previous  high-temperature  investigations.  Tlie  conductivity  cell  or 
bomb,  the  details  of  which  have  been  fully  described  in  Part  II,  was  a  new 
one  (No.  4)  made  in  June,  1904.*  An  open  cylindrical  platinum-iridium 
electrode  was  used  as  in  the  work  of  Noyes  and  Kato. 
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For  the  purpose  of  merely  testing  solutions  at  18**,  when  it  was  not 
desired  to  make  a  measurement  at  higher  temperatures,  a  small  glass 
conductivity-cell  was  used,  such  as  is  represented  in  figure  19,  Part  IX. 
This  had  a  capacity  of  about  40  c.cm.,  and  was  in  the  form  of  an  ordinary 
pipette ;  the  upper  tube  was  provided  with  a  stopcock,  the  platinum  elec- 
trodes were  sealed  in  vertically  through  the  shoulder  of  the  bulb  on 
opposite  sides  of  the  upper  tube,  connection  being  made  through  glass 
tubes  containing  mercury,  and  the  lower  exit  tube  was  turned  upwards,  so 
as  to  rise  above  the  liquid  in  the  temperature  bath.  Solutions  could  be 
forced  into  this  cell  without  any  danger  of  contamination  from  the  air. 

The  resistance  of  the  solution  in  the  bomb  was  measured  by  means 
of  the  usual  arrangement,  consisting  of  a  new  Kohlrausch  three-meter 
cylindrical  slide- wire  bridge  (Hartmann  and  Braun  No.  283),  a  small 
induction  coil,  and  a  telephone  connected  between  the  ends  of  the  slide- 
wire.  A  switch  was  arranged  to  commutate  the  current  from  the  coil, 
and  another  to  connect  the  bridge  with  the  lower  or  the  upper  electrode. 
The  leads  were  of  heavy  copper  wire,  connecting  with  the  bridge  or  with 
the  leads  coming  out  of  the  temperature  bath  by  means  of  double  flexible 
lampcord  and  flat  binding-screws. 

The  rotating  carriage  in  which  the  bomb  was  mounted,  as  well  as  the 
larger  temperature  baths  required  by  this  rotating  arrangement,  were  simi- 
lar to  those  used  by  Noyes  and  Melcher  (section  28,  Part  III).  Xyene  was 
used  in  the  18*  bath,  and  naphthalene  in  the  218*  vapor  bath.  A  Beck- 
mann  thermometer  was  used  in  each.  In  the  306*  bath  benzophenone  was 
employed.  Diphenylamine,  boiling  at  302*,  was  used  at  first,  and  some 
of  the  data  on  ammonium  hydroxide  were  obtained  at  this  temperature; 
but  after  a  few  experiments  much  of  the  substance  had  decomposed,  and 
the  boiling-point  rose  and  became  uncertain.  It  was  found  impracticable 
to  use  a  Beckmann  thermometer  at  this  temperature,  because  its  readings 
were  variable  and  not  reproducible.  A  0  —  360*  Alvergniat  thermometer, 
graduated  in  degrees,  was  therefore  employed. 

♦This  bomb  was  used  until  June  5,  1906,  when  the  lining  of  it  cracked;  after  this 
date  another  bomb  (No.  3)  was  employed.  The  first  trouble  from  leakage  occurred 
in  February,  1905,  after  the  bomb  had  been  in  use  for  one  month,  when  the  lower 
lining  cracJced  near  the  bottom ;  this  was  repaired  by  removing  the  lining  and  flow- 
ing gold  over  the  crack.  No  more  difficulty  was  experienced,  except  from  occasional 
accidental  leakage  at  the  electrodes  or  the  valve,  until  after  the  first  heating  to  302®, 
when  a  slow  leak  developed  through  a  tear  in  the  lining  of  the  upper  chamber, 
caused  probably  by  unequal  expansion  of  the  steel  and  the  platinum  lining.  The 
leak  was  so  slow  at  first,  however,  that  the  conductivity  of  the  ammonium  hydroxide 
solution  could  be  determined  at  a  g^iven  time,  and  the  bomb  then  removed  and 
cooled  without  further  loss,  the  solution  from  the  bomb  being  always  analyzed  after 
each  heating,  whether  there  had  been  leakage  or  not.  After  some  attempts  to  locate 
and  repair  this  leak,  the  upper  lining  was  removed  and  a  new  one  put  in  (March, 
1906).  The  bomb  then  held  until  June  5,  when  the  lower  lining  again  cracked. 
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To  prevent  contamination  of  the  solutions  by  carbon  dioxide  or  other 
gases  in  the  air,  they  were  kept  in  closed  bottles,  and  blown  out  through 
an  exit  tube  by  means  of  compressed  air  which  was  purified  by  passing 
through  a  train  of  bulbs  containing  sulphuric  acid  and  potassium  hydrox- 
ide solutions.  In  filling  the  bomb,  a  procedure  similar  to  that  of  Noyes 
and  Kato  was  followed;  and  the  results  show  that  appreciable  con- 
tamination by  carbon  dioxide  was  excluded.  After  the  bomb  was  closed, 
the  air  was  exhausted  by  means  of  a  water-jet  pump  or  a  mechani- 
cal vacuum  pump  (see  also  section  79).  The  residual  pressure  was  read 
on  a  mercury  vacuum-gage. 

The  bomb  in  its  carriage  was  then  placed  in  the  18*  bath  and  rotated 
until  the  resistance  became  constant,  after  which  nine  readings  were  taken, 
three  on  each  of  three  known  resistances,  such  as  101,  110,  and  1,000 
ohms.  The  218*  bath  had  meanwhile  been  heated  and  the  naphthalene 
brought  to  boiling.  The  vapor  was  temporarily  condensed  by  the  air 
cooling-coil,  the  bomb  and  carriage  introduced,  and  the  naphthalene  again 
boiled  until  the  Beckmann  thermometer  showed  a  constant  temperature 
nearly  equal  to  the  boiling-point  of  pure  naphthalene  at  the  prevailing 
atmospheric  pressure.  At  the  same  time  the  resistance  of  the  upper 
electrode  was  measured,  showing  how  full  the  bomb  had  become  and 
also  showing  whether  any  leakage  was  taking  place.  After  the  nine 
readings  of  resistance  were  made  at  218*,  the  vapor  was  condensed,  and 
the  bomb  removed  and  cooled  to  room  temperature  before  a  fan.  The 
measurement  at  18*  was  then  repeated  to  find  out  whether  any  change  had 
occurred  in  the  solution.  The  same  procedure  was  followed  at  306*, 
except  that,  in  order  to  avoid  loss  of  benzophenone,  the  b^th  was  not 
heated  before  introducing  the  bomb.  The  experiments  at  306*  were  all 
made  after  the  work  at  218*  had  been  completed. 

The  temperature  in  the  18*  bath  was  kept  constant  within  0.01*,  and 
was  measured  with  a  Beckmann  thermometer.  This  was  compared  at 
various  points  in  the  neighborhood  of  18*  with  a  Baudin  thermometer 
(No.  16968)  which  had  been  standardized  by  the  Bureau  of  Standards  at 
Washington.  The  corrected  temperatures  of  the  standard  are  referred 
to  the  hydrogen  thermometer.  At  218*  the  difference  in  temperature 
between  the  vapor-bath  and  a  calibrating  bath  containing  pure  naphthalene 
was  determined  by  means  of  a  Beckmann  thermometer. 

The  naphthalene  used  in  the  calibrating  bath  was  obtained  by  recrys- 
tallizing  the  purest  Kahlbaum  preparation  once  from  absolute  alcohol; 
that  the  original  substance  is  pure  is  shown  by  the  fact  that  the  recrys- 
tallized  material  did  not  differ  more  than  0.01*  from  the  original  in 
boiling-point.  The  218*  point  on  the  Beckmann  thermometer  was  deter- 
mined in  the  calibrating  bath  after  every  second  heating  by  reference 
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to  the  known  boiling  point  of  naphthalene  under  the  corrected  atmos- 
pheric pressure  as  determined  by  a  mercurial  barometer.  The  306*  point 
on  the  Alvergniat  thermometer  was  frequently  determined  by  heating  it 
in  a  calibrating  bath  containing  pure  benzophenone,  prepared  by  crystal- 
lizing a  Kahlbaum  preparation  from  absolute  alcohol.  For  the  boiling- 
points  of  both  naphthalene  and  benzophenone  the  values  on  the  hydrogen 
thermometer  determined  by  Jaquerod  and  Wassmer*  were  employed. 

77.    INSTRUMENTAL  ERRORS  AND  THEIR  CX)RRECnONS. 

There  was  no  appreciable  inaccuracy  in  the  temperature  measurement 
at  1%"*)  and  at  SIS'"  and  306''  the  measurement  certainly  gave  the  true 
temperature  of  the  bomb  within  0.2*.  An  uncertainty  of  0.1*  in  tempera- 
ture at  218*  corresponds  in  the  worst  case  to  less  than  0.1  per  cent  in  the 
conductance,  as  the  temperature-coefficient  at  this  point  is  always  less  than 
1  per  cent.  At  306*,  0.1*  corresponds  at  the  maximtun  to  about  0.3  per 
cent.  No  variation  was,  however,  noticeable  in  the  conductance  after  it 
had  reached  its  final  value,  so  that  the  error,  if  any,  is  probably  all  in  the 
temperature  value. 

The  slide-wire  was  calibrated  three  times  by  the  method  of  Strouhal 
and  Barus:  once  by  division  into  ten  parts,  and  twice  by  division  into 
twenty  parts.  The  results  agreed  within  0.1  mm.,  and  the  correction  was 
at  no  point  greater  than  0.2  mm.  The  1,  10,  and  100  ohm  coils  of  the 
rheostat  were  compared,  on  a  Carey-Foster  bridge,  with  the  Reichsanstalt 
standards  in  the  Electrical  Department  of  this  Institute  of  Technology. 
The  1,000  and  10,000  ohm  coils  were  tested  by  making  up  a  Wheatstone 
system,  using  two  standards  as  ratio  arms  and  a  third  as  known  resist- 
ance, adjustment  being  made  on  the  slide-wire  of  the  Carey-Foster  bridge. 
The  maximum  error  found  was  0.15  per  cent,  in  the  1-ohm  coil. 

The  measured  resistance  includes  the  resistance  of  the  leads  from  the 
bridge  to  the  bomb.  This  was  measured  by  the  drop-of-potential  method, 
the  bomb  being  placed  in  position  as  usual,  except  that  the  lower  electrode 
tag  was  wired  tightly  against  a  polished  spot  on  the  bomb  itself.  To  the 
resistance  thus  measured  must  be  added,  first  the  increase  due  to  the  heat- 
ing of  the  leads  inside  of  the  bath,  which  was  calculated  from  the  size 
and  temperature-coefficient  of  the  copper  wire,  and  second,  the  resistance 
of  the  stem  of  the  electrode.  The  latter  is,  however,  only  0.002  ohm.  The 
maximum  lead  resistance  was  0.034  ohm,  at  306*,  while  the  lowest  total 
resistance  measured  was  19  ohms.  The  only  possibility  of  variation  in  the 
lead  resistance  was  at  the  removable  contacts  between  electrode  tag  and 
electrode,  bomb  and  carriage,  carriage  and  supports,  and  the  outside  flexi- 

♦J.  chim.  phys.,  2,  52   (1904). 
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ble  leads  and  the  main  leads.  All  of  these  surfaces  were  polished  with 
fine  sandpaper  before  each  heating.  Special  experiments  showed  that  the 
brass  contact  surfaces  are  almost  unaffected  by  tarnishing,  but  that  the 
steel  surface  resistances  are  increased  appreciably  by  a  film  of  oxide ;  also 
that  the  variation  in  resistance  at  the  sliding  contact  of  the  carriage  on  its 
supports  is  inappreciable. 

The  current  used  in  the  measurements  was  made  as  small  as  possible, 
so  as  to  avoid  the  ejection  from  the  electrode  of  adsorbed  material.  This 
was  accomplished  by  using  the  smallest  possible  voltage  on  the  coil,  after 
weakening  its  spring  by  filing  partly  through  it.  Any  error  from  polari- 
zation caused  by  asymmetry  of  the  coil,  was  eliminated  by  commutating 
the  current  and  taking  the  mean  of  the  two  readings. 

The  excess  of  pressure  due  to  air  in  the  bomb  was  only  a  small  fraction 
of  the  total  pressure ;  for  instance,  if  the  air  is  evacuated  before  the  heat- 
ing down  to  a  pressure  of  2  cm.  of  mercury,  and  the  vapor-space  at  218° 
is  2  c.cm.,  then  the  air  pressure  at  218*  is  0.5  atmosphere,  while  the  vapor- 
pressure  is  about  22  atmospheres.  With  2  c.cm.  vapor-space  at  306°,  the 
air  pressure  is  about  1  atmosphere,  while  the  vapor-pressure  is  about  97 
atmospheres.*  Hence  the  variation  in  conductivity  due  to  the  residual 
air  pressure  is  probably  negligible. 

Down  to  the  lowest  level  ordinarily  used,  namely  with  the  bomb  three- 
quarters  full,  the  height  of  the  solution  in  the  bomb  has  no  effect  on  the 
conductance-capacity.  In  the  experiments  for  determining  the  vaporiza- 
tion-correction at  306°,  however,  the  bomb  was  only  half  full  at  18° ;  the 
effect  on  the  conductance-capacity  was  determined  by  filling  the  bomb  only 
to  this  level  with  a  standard  potassium  chloride  solution.  The  results  are 
given  in  section  81.  The  correction  for  the  variation  in  conductance- 
capacity  with  the  temperature  was  made  as  described  in  section  36, 
Part  IV. 

78.    PREPARATION  OF  THE  SUBSTANCES  AND  SOLUTIONS. 

The  weights  used  in  weighing  out  the  solid  substances  and  solutions 
were  all  standardized  in  terms  of  the  one-gram  weight  as  standard.  All 
weights  were  reduced  to  weights  in  a  vacuum  before  being  used  in  cal- 
culations. The  atomic  weights  used  were  those  reported  by  the  Interna- 
tional Committee  in  1904,  referred  to  oxygen  as  16.00. 

All  solutions  both  strong  and  dilute,  except  those  used  for  determining 
the  conductance-capacities  of  the  apparatus,  were  made  up,  analyzed,  or 
titrated  wholly  by  weight;  the  results  are  therefore  independent  of  tem- 
perature, and  are  expressed  in  terms  of  milli-equivalents  per  kilogram  of 

^Batelli,  Landolt-Bomstein-Meyerhoffer  Tabellen,  p.  122  (1905). 
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solution.  All  of  the  dilute  solutions  were  diluted  in  a  weighed  500  con. 
flask,  provided  with  a  stopcock  and  delivery  tube,  and  were  forced  in  or 
out  by  purified  air.  All  flasks  and  bottles  used  for  making  or  keepii^ 
solutions  were  steamed  out  for  several  days,  after  standing  for  some  time 
filled  with  a  dilute  alkali  solution. 

The  water  was  made  by  redistilling  ordinary  distilled  water,  after  add- 
ing to  it  alkaline  permanganate  which  had  been  previously  boiled.  It  was 
distilled  from  a  steam- jacketed  copper  still,  and  condensed  hot  in  a  tin 
condenser,  a  large  part  being  allowed  to  pass  away  as  steam.  It  was 
collected  only  in  two-  or  four-liter  hard  glass  "Non-Sol"  bottles  furnished 
by  Whitall,  Tatum  &  Co.,  and  allowed  to  cool  in  these,  as  hot  water  dis- 
solves ordinary  glass  appreciably.  The  first  and  last  portions  of  the  dis- 
tillate were  rejected.  No  water  of  specific  conductance  greater  than 
0.9  X  lO"*  at  18**  was  used  in  making  up  the  solutions. 

The  salts  used  for  determining  the  conductance-capacity  were  sodium 
and  potassium  chlorides  and  potassitun  nitrate.  The  sodiiun  chloride  was 
made  by  precipitating  Baker  and  Adamson  "C.  P."  salt  twice  with  hydro- 
chloric acid  gas.  The  potassium  chloride  was  made  by  precipitating  the 
"C.  P."  salt  furnished  by  Baker  and  Adamson  with  hydrochloric  acid 
gas,  and  crystallizing  from  hot  water.  The  potassium  nitrate  was  made  by 
twice  recrystallizing  "C.  P."  salt  from  the  same  source.  The  salt  gave 
no  test  for  sulphate  or  chloride. 

In  preparing  the  solutions,  the  sodium  and  potassium  chlorides  were 
ignited  in  a  platinum  dish,  the  potassium  nitrate  dried  at  130"  to  constant 
weight;  the  proper  quantity  of  salt  was  weighed  out  and  dissolved  in 
a  2-liter  flask,  and  the  solution  then  diluted  to  the  mark.  The  conductance 
of  a  sample  of  the  water  used  was  tested  at  the  same  time.  A  fresh  solu- 
tion was  made  for  every  determination. 

Ten  liters  of  an  approximately  0.1  normal  solution  of  hydrochloric  acid 
were  prepared  from  strong  "chemically  pure"  acid,  as  a  titration  stand- 
ard.* This  was  analyzed  by  precipitation  with  silver  nitrate,  and  by 
titration  against  a  solution  of  sodium  carbonate,  prepared  from  pure 
sodium  bicarbonate,  using  methyl  orange  as  indicator.  The  acidity  deter- 
mination was  practically  identical  with  the  chlorine  determination.  The 
value  used  was  90.46  milli-equivalents  per  kilogram  of  solution.f 

♦50  c.cm.  of  the  strong  acid  were  evaporated  to  dryness  on  a  steam-bath ;  the  resi- 
due was  organic  jfcid  amounted  to  only  0.01  per  cent  of  the  total  hydrochloric  acid, 
30  c.cm.,  evaporated  with  barium  chloride,  gave  no  test  for  sulphate.  The  water 
used  in  diluting  it  had  at  18**  a  conductance  less  than  1.4  X  10-*. 

tDerived  from  the  following  data: 

Grams  of  solution 93.84  104.70  105.98  126.69 

Grams  AgCl 1.2169  1.8579  1.8748  1.6426 

Milli-equivalents  HQ  per  kilogram...  90.44  90.45  90.47  90.49 

Mean 90.46.     Average  deviation  =  0.02  per  cent.     By  titration  of  NatCOg.  .90.4S. 


Section  y8. — Preparation  of  the  Solutions.  ipp 

A  barium  hydroxide  solution  was  prepared  for  the  purpose  of  titrating 
acetic  acid  solutions.  This  was  found  by  titration  against  the  standard 
hydrochloric  acid,  using  phenolphthalein  and  excluding  carbon  dioxide,  to 
have  80.73  milli-equivalents  per  kilogram  of  solution.* 

The  ammonia  solutions  were  from  two  independent  sources:  first,  a 
special  preparation  of  specific  gravity  0.90,  obtained  from  Baker  and 
Adamson,  marked  "free  from  amines,  carbonate,  and  silicate";  second, 
redistilled  liquid  ammonia.  The  solutions  were  made  by  filling  a  6-liter 
bottle  with  conductivity-water,  displacing  this  completely  with  pure  air, 
then  forcing  in  water  of  conductance  less  than  0.9  X  lO"*.  When  the 
strong  ammonia  solution  was  used,  it  was  introduced  by  means  of  a  pipette, 
under  the  surface  of  the  water.  When  liquid  ammonia  was  employed,  it 
was  first  drawn  oflF  into  an  iron  cylinder  and  allowed  to  stand  in  contact 
with  metallic  sodium  for  several  weeks.  From  this  cylinder  it  was  dis- 
tilled, passing  through  plugs  of  asbestos  into  a  small  glass  bulb  from 
which  the  air  had  been  previously  evacuated ;  this  bulb  stood  in  a  tube  of 
liquid  ammonia,  which  was  kept  rapidly  evaporating  by  a  current  of  air 
over  the  surface  of  the  liquid.  The  ammonia  within  the  bulb  was  thus 
condensed  until  the  proper  quantity  was  obtained  (about  15  c.cm.)  ;  the 
air  current  was  then  stopped,  the  ammonia  surrounding  the  bulb  partly 
removed,  and  the  pure  ammonia  within  was  allowed  to  distill  through  a 
plug  of  cotton  directly  into  the  water,  through  the  exit  tube  of  the  bottle. 
The  last  cubic  centimeter  was  rejected.  A  procedure  adopted  later  con- 
sisted in  distilling  the  ammonia  from  the  iron  cylinder  into  a  flask  contain- 
ing solid  ammonium  nitrate,  and  kept  in  a  freezing  mixture.  The  nitrate 
readily  absorbs  its  own  weight  of  ammonia,  and  the  mixture  has  a  rela- 
tively low  vapor  pressure,  so  that  the  ammonia  could  be  preserved  in  the 
flask,  which  was  closed  by  a  glass  stopcock,  and  could  be  redistilled  there- 
from at  room  temperature  when  needed. 

The  concentration  was  determined  by  titrating  the  standard  hydro- 
chloric acid  with  the  ammonia,  using  as  indicator  at  first  phenacetolin, 
and  later  Congo  red,  both  of  which  gave  a  better  end-point  than  methyl 
orange.  The  solutions  could  not  be  kept  long,  as  they  began  to  increase 
in  conductance  after  about  three  weeks,  probably  because  of  action  on 
the  glass,  and  they  were  not  considered  trustworthy  after  the  conductance 
had  risen  0.2  per  cent.  The  following  list  gives  the  date  of  making  the 
stock  solutions,  and  the  source  from  which  the  ammonia  was  obtained ;  the 
number  corresponds  to  that  in  section  82. 

^Derived  from  the  following  data: 

Gram*  HQ  tolotion 70.26         82.88         74.86 

Grams  Ba(OH)t    toltttkm 78.76         68.86         88.86 

Milli-eqiiiYalenU  per  kilogram     80.74         80.76         80.68 
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(1)  February  30,  1905.    Same  as  stock  sohitkm  Na  8  of  Noycs  and  Kato  (see 

Part  VI). 

(2)  April  11.    From  Baker  and  Adamson's  aqna  arnmonta  used  by  N<>yes  and 

Kato. 

(3)  June  8.    From  a  new  supply  of  Baker  and  Adamsoo's  aqua  arnmonia. 

(4)  June  10,  and  (5)  June  16.    From  liquid  ammonia. 

(6)  June  24.    From  same  supply  as  Na  3. 

(7)  July  19,  (8)  October  16,  and  (9)  November  2.    From  liquid  ammonia. 

(10)  February  2,  1906,  and   (11)   February  19.     From  liqmd  ammonia  distilled 
from  ammonium  nitrate. 

(12)  March  3.    From  a  new  supply  of  Baker  and  Adamson's  aqua  ammonia. 

(13)  May  22.    From  same  supply  as  No.  11. 

The  acetic  acid  was  made  from  a  preparation  of  Kahlbauniy  marked 
"99  - 100  per  cent."  This  was  twice  fractionated  by  freezing,  and  once 
distilled,  the  yield  being  200  grams  out  of  625.  The  distillate  was  received 
in  three  fractions.  Solutions  Nos.  1  and  2  ( Jtdy  14, 1905)  were  made  from 
the  second  and  third  fracticMis  respectively.  No.  3  (July  18)  was  from  the 
same  acid  as  No.  2,  redistilled  once.  Nos.  4  (October  9,  1905)  and  5 
(May  6,  1906)  were  from  the  same  acid  as  No.  1,  redistilled  twice.  No. 
6  (May  12,  1906)  was  made  from  a  new  supply  of  the  Kahlbaum  acid, 
redistilled  three  times,  the  portion  used  distilling  at  117.7*  to  IIS-O*.  The 
concentration  was  determined  by  titrating  the  standard  barium  hydroxide 
with  the  acid,  using  phenolphthalein  as  indicator  and  excluding  carbon 
dioxide. 

The  ammonium  acetate  solutions  were  made  by  mixing  weighed  quan- 
tities of  the  ammonium  hydroxide  and  acetic  acid  solutions  in  such  propor- 
tion as  to  form  a  neutral  solution.  Large  enough  quantities  were  taken 
to  make  the  error  of  weighing  negligible.  Solution  No.  1  was  made  from 
ammonia  No.  7  and  acid  No.  3 ;  No.  2,  from  ammonia  No.  8  and  acid  No.  4. 
The  same  solutions  were  used  in  adding  an  excess  of  acid  or  base  as  were 
used  in  making  the  neutral  salt  solution,  except  in  the  experiments  fol- 
lowing Expt.  No.  2.18 ;  in  these,  acid  solutions  Nos.  6  and  6,  and  ammonia 
solution  No.  13  were  used. 

The  ammonium  chloride  was  made  by  first  subliming  Baker  and  Adam- 
son  "C.  P."  salt,  "free  from  traces  of  hydrocarbons,"  then  recrystallizing 
this  salt  three  times.  Part  of  the  salt  was  dissolved  in  water  of  specific 
conductance  0.8  X  10'^,  and  the  concentration  of  this  solution  (No.  1) 
found  by  precipitation  with  silver  nitrate  to  be  100.8  milli-equivalents  per 
kilogram.*  For  comparison,  solution  No.  2  was  made  by  mixing  the 
proper  quantities  of  standard  hydrochloric  acid  and  ammonia  No.  9. 

The  sodium  acetate  was  made  by  recrystallizing  J.  T.  Baker's  "C.  P." 
analyzed  preparation,  the  analysis  being  given  as  "no  iron  or  other  metals, 

♦Derived  from  the  following  data: 

Grams  of   solution 

Grains  AgCl   

Milli-equivalents  per  kilogram.... 


109.29 

118.07 

121.24 

1.6800 

1.6887 

1.7618 

100.88 

100.77 

100.77 
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no  sulphates,  0.0006  per  cent  CI."  The  recrystallized  salt  was  dissolved 
in  water  of  specific  conductance  1.1  X  lO"*,  and  the  concentration  of  the 
solution  was  found,  by  evaporation  with  pure  hydrochloric  acid  and  gentle 
ignition  to  constant  weight,  to  be  112.2  milli-equivalents  per  kilogram.* 

79.    ERRORS  AFFECTING  THE  SOLUTIONS  AND  THEIR  CX)RRECnON. 

The  effect  of  carbon  dioxide  on  the  conductivity  of  ammonium  hydrox- 
ide solutions  can  be  shown  to  be  very  large.  Thus,  the  ammonium  carbo- 
nate formed  by  the  addition  of  0.01  per  cent  (in  mols)  of  carbon  dioxide 
to  a  0.1  molal  ammonitun  hydroxide  solution  is  not  appreciably  hydrolized, 
on  account  of  the  large  excess  of  ammonia  present ;  considering  it  there- 
fore as  being  completely  ionized,  and  taking  the  equivalent  conductances 
of  NH4  and  CO3  as  64  and  70  respectively,  the  increase  in  the  specific 
conductance  of  the  0.1  molal  ammonia  solution,  caused  by  the  addition 
of  the  carbon  dioxide,  is  found  to  be  2.7  X  10"*,  or  0.9  per  cent  of  that  of 
the  ammonium  hydroxide.  That  even  such  a  small  amount,  which  would 
of  course  vary  considerably,  was  not  absorbed  during  the  filling  of  the 
bomb,  is  shown  by  the  fact  that  successive  determinations  of  the  resistance 
of  the  same  solution  agree  at  18**  within  0.1  per  cent. 

The  error  due  to  carbon  dioxide  in  the  water  used  for  making  the  solu- 
tion or  in  the  strong  ammonia  solution  itself,  is  almost  impossible 
to  determine.  Water  at  17**  absorbs  its  own  voliune  of  carbon  dioxide 
at  atmospheric  pressure;  ordinary  air  contains  about  0.04  per  cent  CO2 
by  volume,  hence  water  in  equilibrium  with  ordinary  air  will  contain 
17  X  10"*  mols  of  un-ionized  HjCOg  per  liter.  Using  Walker'sf  value 
of  3040  X  10-^^  for  the  ionization-constant  of  HjCO,  into  H+  and 
HCOj",  and  taking  for  the  equivalent  conductances  of  these  ions  320 
and  60,  respectively,  the  specific  conductance  of  this  water  should  be 
0.8  X  lO"*.  The  specific  conductance  of  the  water  actually  used  was 
always  less  than  1.0  X  10"*,  usually  less  than  0.8  X  10~* ;  but  it  is  very 
unlikely  that  this  water  was  saturated,  since  it  was  condensed  hot,  and 
afterward  kept  protected  from  the  air.  Hence  the  larger  part  of  the 
conductance  found  was  probably  due  to  organic  bases  which  distil  over 
with  the  water,  or  to  salts  carried  over  mechanically  by  the  current  of 
steam.  The  view  that  it  is  not  due  to  carbonic  acid  is  supported  by  the 
fact  that  ammoniimi  hydroxide  solutions  made  from  water  varying  in  con- 
ductance from  0.6  X  1^  to  0.8  X  lO"*  show,  after  subtracting  the  con- 
ductance of  the  water,  values  for  the  equivalent  conductance  constant 

♦Derived  from  the  following  data  : 

Gram*  of  solution 

Grams  NaCl  

Milli-eqiahralents  per  Idlognm  .. 

tZ.  phys.  Chem.,  32,  137  (1900). 


114.97 

118.84 

120.42 

0.7640 

0.7799 

0.7916 

112.10 

112.18 

112.87 

202  Conductivity  of  Aqueous  Solutions. — Part  VII. 

within  0.1  per  cent.  Samples  of  the  water,  after  being  heated  to  218*  or 
306"*,  showed  an  increased  conductance  at  18"*,  and  were  not  changed  by 
further  heating,  indicating  the  presence  of  a  small  amoimt  of  some  organic 
substance,  which  was  decomposed  or  oxidized  at  the  high  temperatures. 

If  originally  present  in  the  strong  ammonium  hydroxide  solution  fn»n 
which  the  diluter  solution  was  made,  carbon  dioxide  of  course  would  have 
the  same  effect  as  if  present  in  the  water,  in  giving  too  high  a  value.  In 
fact,  practically  any  imaginable  impurity  in  the  strong  solution  would  have 
the  effect  of  increasing  the  conductance,  so  tliat  the  lowest  value  obtained 
should  be  considered  the  most  accurate  one. 

In  the  first  experiments  made  with  ammonium  hydroxide,  as  will  be 
shown  later  in  the  data,  the  specific  conductance  had  always  decreased 
about  1.9  per  cent  at  18'',  after  the  heating  to  218"*.  The  first  three  experi- 
ments were  made  without  exhausting  the  air  from  the  bomb ;  in  the  third, 
the  bomb  was  twice  reheated,  causing  further  diminutions  of  0.6  per  cent 
and  0.25  per  cent.  In  the  fourth  experiment  the  air  was  exhausted  down 
to  4  cm.  pressure,  which  reduced  the  decrease  after  the  heating  to  1.3  per 
cent    In  all  cases  there  was  a  slight  suction  when  the  bomb  was  opened. 

These  facts  show  that  some  change  occurred  at  the  higher  temperature 
which  caused  a  permanent  decrease  in  the  conductance.  Any  contamina- 
tion would  be  almost  certain  to  increase  it  There  was  no  leak,  for  the 
conductance  at  the  upper  electrode  remained  perfectly  constant.  There  was 
no  escape  of  ammonia  through  the  platinum,  for  the  effect  did  not  con- 
tinue to  an  appreciable  extent  after  the  second  heating.  Adsorption  by 
the  platinum  is  not  likely,  for  the  effect  was  almost  exactly  the  same  in 
each  run.  The  most  probable  explanation  is  that  the  oxygen  left  in  the 
vapor  space,  in  solution,  and  on  the  platinum  surface,  oxidized  part  of  the 
ammonia  to  nitrogen  and  water ;  this  would  account  also  for  the  decrease 
of  pressure  within  the  bomb,  as  is  evident  from  the  following  equation : 
4NH4OH  4-  3  O2  =  2N2  4- 10  HjO;  which  shows  a  decrease  of  one  mol 
of  gaseous  substances. 

The  oxidation  of  ammonia  in  the  presence  of  platintun  black  seems  to  be 
a  well  established  phenomenon.  Henry*  observed  that  platiniun  sponge 
caused  slow  oxidation  in  a  mixture  of  anunonia  and  oxygen  at  193*. 
Mond,  Ramsey,  and  Shieldsf  removed  oxygen  from  spongy  platinum  by 
this  reaction.  Vondracekij:  found  that  an  0.087  normal  solution  is  oxidized 
by  platinum  sponge  at  ordinary  temperatures ;  boiling  solutions  of  ammo- 
nium salts  are  also  oxidized  by  it.  Platintun  containing  no  oxygen  had  a 
slight  reducing  action. 

♦Ann.  Philos.,  25,  424   (1825). 
tZ.  phys.  Chem.,  25,  657  (1897). 
tZ.  anorg.  Chem.,  39,  24  (1904). 
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This  difficulty  can  be  partly  removed,  of  course,  by  pumping  the  air 
out  as  completely  as  possible.  This  causes  no  appreciable  loss  of  ammo- 
nia, since  its  partial  pressure  above  a  0.1  normal  solution  at  18**  is  only 
1.34  mm  ;*  hence  the  ammonia  present  in  20  c.cm.  of  the  vapor  above  the 
solution  is  only  0.01  per  cent  of  that  in  the  solution.  But  some  oxygen 
still  remains  dissolved  in  the  solution  and  in  the  platinum,  and  causes 
oxidation  of  the  ammonia.  Hence  the  most  feasible  plan  was  to  pump  out 
the  air  before  the  heating  till  the  pressure  became  2  or  3  cm.,  and  to 
determine  after  the  heating  the  strength  of  the  solution,  by  titrating  the 
solution  left  in  the  bomb. 

There  is  some  error  in  the  titration  of  an  ammonia  solution  so  dilute  as 
0.01  normal,  as  the  end  point  is  not  sufficiently  sharp.  The  method  used 
was  to  adopt  a  standard  color,  add  an  excess  of  acid  to  a  portion  of  the 
solution,  and  titrate  to  the  standard  color  with  the  residue  of  the  solution. 
The  percentage  error  of  the  titration  was  at  the  same  time  determined  by 
titrating  similarly  a  portion  of  the  unheated  solution,  whose  concentra- 
tion was  known.  Solutions  6.1  and  6.2  were  titrated  with  phenacetolin, 
the  correction  for  the  titration-error  being  +  1.0  per  cent;  the  other  dilute 
solutions  were  titrated  with  Congo  red,  for  which  correction  was  — 0.3 
per  cent. 

In  the  first  experiments  with  ammonium  acetate,  the  conductance  at 
18*"  was  also  foimd  to  have  decreased  from  one  to  two  per  cent  as  a  result 
of  the  heating  at  218*.  Experiments  with  acetic  acid  showed  that  this  was 
not  alone  due  to  the  oxidation  of  ammonia,  but  that  the  acetic  acid  itself 
had  decreased  both  in  conductance  and  concentration  after  being  heated 
to  218*.  This  effect  was  not  sufficiently  marked  to  be  taken  account  of  in 
the  work  of  Noyes  and  Cooper,  probably  because  in  their  small  tempera- 
ture-bath the  solution  could  be  heated  to  constant  temperature  much  more 
quickly,  and  also  because  they  used  unplatinized  electrodes,  platinum  black 
being  a  catalyzer  of  the  decomposition,  according  to  the  work  of  Sabatier 
and  Senderens.f  In  the  heatings  to  306*  this  eflFect  was  found  to  become 
greater  with  increased  concentration  of  the  ammonium  acetate  solution. 
It  seemed  possible  that  it  might  be  due  to  the  formation  of  acetamide  at 
the  high  temperature  and  the  continued  existence  of  this  in  the  solution 
at  18*  owing  to  the  rapid  cooling.  If  this  were  the  case,  it  should  be  pos- 
sible to  reconvert  it  to  ammonium  acetate  by  prolonged  heating  at  about 
100*.  Two  hours  heating  of  one  of  the  solutions  at  110*  - 120*,  however, 
produced  only  a  slight  decrease,  instead  of  an  increase,  in  the  conductance 
at  18*.  The  existence  of  acetamide  in  the  solutions  at  the  high  tempera- 
tures would  give  rise  to  an  error  in  the  calculated  hydrolysis.    That  it  does 

*Locke  and  ForselL  Am.  Chem.  J.,  31,  268  (1904). 
fAnn.  chim.  phys.  (8),  4,  819,  433. 
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not  exist  in  significant  quantity  even  at  306""  is  shown,  however,  by  the 
agreement  of  die  ionization-constants  for  water  derived  from  the  experi- 
ments with  salt  solutions  of  very  different  concentrations^  since  in  these 
the  percentage  of  acetamide  should  vary  greatly,  owing  to  its  being  pro- 
portional to  the  product  of  the  ammonium  and  acetate  ion  concentrations. 
It  was  found  very  difficult  to  analyze  accurately  the  ammonium  acetate 
solutions  left  in  the  bomb.  The  ammonium  content  could  be  determined 
within  0.2  per  cent  by  making  the  solution  alkaline  with  sodium  hydroxide 
and  distilling  off  the  ammonia  into  standard  sulphuric  add ;  but  even  this 
accuracy  could  not  be  obtained  in  determining  the  acetic  acid.  The  proced- 
ure was  therefore  changed  so  as  to  make  the  oxidation  as  small  as  posdble. 
After  the  initial  IS""  measurement,  the  bomb  was  set  in  water  at  GO"",  and 
was  kept  evacuated  for  two  or  three  minutes  down  to  a  pressure  of  a  few 
centimeters ;  this  caused  the  solution  to  boil  vigorously,  so  that  nearly  all 
the  air  was  carried  out  of  the  bomb.  Several  determinations  of  the  con- 
ductance at  IS*"  after  this  treatment,  showed  an  increase  of  only  0.8  to  0.3 
per  cent  caused  by  evaporation  of  water.  It  is  probably  safe  to  assume 
that  in  the  pure  ammonium  acetate  solutions  there  was  no  appreciable  loss 
of  ammonia  from  the  salt,  because  the  hydrolysis  is  less  tham  3  per  cent 
and  the  vapor  pressure  of  ammonia  therefore  practically  inappreciable, 
and  also  because  the  observed  change  in  conductivity  was  so  small.  In 
the  solutions  containing  an  excess  of  ammonium  hydroxide  or  acetic  add 
the  loss  of  these  substances  that  probably  occurred  by  vaporization  is  not 
important,  since  the  concentration  of  the  excess  of  acid  or  base  needs  to 
be  known  only  approximately.  The  oxidation  at  218**  was  thus  reduced 
to  0.5  per  cent  or  less.  This  change  in  concentration  can  be  corrected  for 
accurately  enough  by  assuming  that  the  change  of  concentration  of  ammo- 
nium acetate  is  proportional  to  the  change  of  specific  conductance  at  18*. 
In  all  the  experiments  at  306**  the  same  procedure  was  followed,  but  the 
loss  by  oxidation  of  the  salt  could  not  be  kept  so  low.  It  was  necessary, 
also,  to  determine  the  excess  of  ammonium  hydroxide  or  acetic  acid  after 
each  experiment,  since  the  addition  of  one  equivalent  of  base  or  acid  at 
306°  produces  a  much  greater  change  in  the  hydrolysis  and  conductance 
than  at  218**.  The  only  practicable  method  found  was  to  empty  and  dry 
the  bomb,  replace  in  it  a  weighed  quantity  of  the  solution,  weigh  in  enough 
acetic  acid  (or  ammonium  hydroxide)  solution  to  slightly  exceed  the  free 
ammonium  hydroxide  (or  acid)  present,  and  determine  the  conductance 
of  this  mixture.  Since  a  small  excess  of  acid  or  base  has  no  appreciable 
conductance,  the  total  concentration  of  the  ammonium  acetate  could  be 
calculated  from  this  conductance ;  and  by  subtracting  from  this  the  con- 
centration of  salt  at  the  end  of  the  experiment,  as  given  by  the  final 
conductance  at  18",  there  was  obtained  the  concentration  of  free  ammo- 
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nium  hydroxide  (or  free  acetic  acid)  in  the  solution  investigated.  It  was, 
however,  found  that,  with  solutions  containing  an  excess  of  acid,  this 
excess  underwent  no  considerable  change  during  the  heating.  That  the 
method  is  accurate  within  0.1  per  cent  was  shown  by  an  analysis  of  a 
known  ammonium  acetate  solution  containing  a  known  excess  of  ammo- 
nium hydroxide. 

This  procedure  of  boiling  the  solution  to  remove  all  air  was  not  used 
with  pure  ammonium  hydroxide,  acetic  acid  or  sodium  acetate,  because 
there  was  no  especial  advantage  in  it,  since  it  was  in  any  case  necessary  to 
titrate  the  solution  after  the  heating.  The  procedure  was  used,  however, 
in  the  experiments  with  ammonium  chloride ;  the  correction  on  the  concen- 
tration for  the  vaporization  of  water  was  found  to  be  the  same  as  in  the 
ammonium  acetate  solutions,  viz.,  about  0.3  per  cent  In  the  experiments 
with  ammonium  dhloride  at  306**  the  concentration  of  the  excess  of  ammo- 
nium hydroxide  after  the  experiment  was  determined  by  titration  against 
hydrochloric  acid. 

The  measured  conductance  of  the  solution  includes  that  of  the  water 
and  of  the  small  amount  of  impurities  left  in  the  water.  The  initial  18** 
values  were  corrected  by  subtracting  the  conductance,  measured  in  a  small 
Arrhenius  cell,  of  the  particular  sample  of  water  used  in  making  the  solu- 
tion ;  for  the  most  probable  effect  of  the  impurities  is  to  increase  rather 
than  to  decrease  the  conductance  of  weak  acids  and  bases.  As  a  basis  for 
the  correction  at  the  higher  temperatures  the  specific  conductance  of  the 
water  and  its  impurities  was  determined  by  making  several  heatings  with 
pure  water,  following  exactly  the  same  procedure  as  in  the  regular  experi- 
ments. Both  my  results  (reported  in  this  section)  and  those  obtained 
in  the  other  investigations  of  this  series  show  that  the  conductance  at  the 
higher  temperatures  does  not  vary  much  in  successive  runs,  and  that  it 
is  not  proportional  to  the  conductance  at  18*. 

At  18*  the  measured  conductance  of  the  water  is  due  almost  entirely  to 
the  impurities,  that  due  to  the  hydrogen  and  hydroxide  ions  being  inap- 
preciable;  but  at  218*  and  306*  the  latter  forms  a  considerable  part  of  the 
whole.  Its  amount  was  determined  from  a  preliminary  value  of  the  ioni- 
zation-constant  (Kw)  of  water,  by  the  formula  l=  10-'Ch(Ah  +  Aoh) 
where  Ch  (equal  to  y/Kw)  is  the  concentration,  in  equivalents  per  liter, 
of  the  hydrogen  (or  hydroxide)  ions  in  pure  water,  and  (Ah  -f  Aoh)  is 
the  sum  of  the  equivalent  conductances  of  hydrogen  and  hydroxide  ions, 
calculated  by  adding  the  Ao  value  for  sodium  hydroxide  to  the  difference 
between  the  A^  values  for  hydrochloric  acid  and  sodium  chloride. 
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Table  71  gives  the  conductance  of  the  water  as  actually  measured  in  the 
bomb  and  its  specific  conductance  at  the  temperatures  18**,  218*,  and  306*. 

Table  71. — Conductance  of  water. 


Date. 

Condactance  X  10*. 

Specific  condnctaace  X  10*. 

18° 

218° 

18° 

218° 

Initial. 

Final. 

Initial. 

Final. 

1905 
NoVi    13... 
Nov.   14... 
NoVrf  14... 
Nov.   15... 

Mean  ... 

1906 
Jnne   4  . . . 
June    5  . . . 
June  19  . . . 
June  20  . . . 
June  28  . . . 

MeaiK  ... 

5.5 
4.4 
3.2 
5.3 

7.1 
7.1 
9.4 
9.8 

43.8 
35.4 
36.2 
41.1 

0.85 
0.65 
0.45 
0.8 

1.05 
1.05 
1.4 
1.5 

6.55 
5.3 
5.4 
6.15 

306°. 

0.7 

1.0 
0.9 
1.2 
0.9 
1.0 

1.25 

3.9 
1.1 
2.7 
9.4 
3.9 

5.85 

6.7 
6.2 
7.9 
6.3 
8.0 

26.9 
7.6 
17.5 
61.5 
25.5 

306°. 

46.1 
35.7 
70.0 
78.7 
68.3 

6.8 
5.2 

10.7 
•12.0 

10.4 

1.0 

3.6 

8.7 

'This  experiment  was  siren  a  weight  of  one-half,  because  of  the  abnomally 
high  final  conductance  at  18*. 

The  data  and  results  of  the  calculation  of  the  conductance  due  to  hydro- 
gen-ion and  hydroxide-ion  are  as  follows : 

Temperature 218**  306** 

Ah  +  AoH    1565  1654 

Specific  conductance  X  10*  of  conductivity  water 5.85  8.7 

X  10«  of  H  and  OH  ions 3.35  2.1 

X  10«  of  impurities 2.5  6.6 


The  observed  conductance  of  the  solutions  was  in  every  case  corrected 
by  subtracting  the  conductance  of  the  impurities.  The  fraction  which  this 
conductance  forms  of  the  conductance  of  the  10  milli-normal  ammonium 
chloride  or  sodium  acetate  solutions  is  about  0.1  per  cent  at  18**,  0.03 
per  cent  at  218^  and  0.05  per  cent  at  306** ;  and  of  that  of  the  100  milli- 
normal  ammonium  hydroxide  or  acetic  acid  is  about  0.2  per  cent  at  18**, 
0.6  per  cent  at  218%  and  4.0  per  cent  at  306^ 

The  correction  for  the  conductance  of  ionized  water  at  218**  and  306** 
still  remains  to  be  considered.  In  the  solution  of  pure  ammonium  hydrox- 
ide and  acetic  acid  this  correction  is  negligible,  even  in  the  most  dilute  solu- 
tions, since  the  ionization  of  the  base  or  acid  is  still  sufficient  to  drive  that 
of  the  water  back  to  an  inappreciable  quantity.  In  the  solutions  of  pure 
ammonium  acetate,  where  very  nearly  equal  quantities  of  acid  and  base 
are  produced  by  the  hydrolysis,  the  conductance  of  the  hydrogen  and 
hydroxide  ions  as  given  in  the  preceding  table  was  directly  subtracted.    In 
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the  case  of  the  ammonium  chloride  and  the  sodium  acetate  solutions  at 
218*"  or  306*  this  correction  is  conveniently  calculated  in  combination  with 
the  correction  for  the  hydrolysis  of  the  salt,  which  is  not  entirely  negligible 
even  in  the  presence  of  the  excess  of  ammonium  hydroxide  or  acetic  acid 
added.  And  in  the  case  of  the  ammonium  acetate  solutions  containing  an 
excess  of  anmioniimi  hydroxide  or  acetic  acid  at  218*  and  306*,  the  water 
correction  is  best  combined  with  that  for  the  conductance  of  the  excess 
of  base  or  acid  present.  Thus  in  the  solutions  of  ammonium  chloride  or 
acetate  containing  an  excess  of  the  hydroxide,  the  concentration  of  un- 
ionized ammonium  hydroxide  is  approximately  equal  to  the  concentration 
of  the  ammonium  hydroxide  added  (Cb)  plus  that  (Ch)  arising  from  the 
hydrolysis  of  the  salt  (the  latter  term  Ch  being  negligible  in  the  case  of 
the  chloride) ;  and  that  of  the  ammonium-ion  is  given  approximately  by 
the  ratio  (multiplied  by  10")  of  the  specific  conductance  of  the  solution 
(l),  to  the  equivalent  conductance  A©  of  the  completely  ionized  salt.  The 
combination  of  the  expressions  of  these  two  facts  with  the  mass-action 
equations  for  ammonium  hydroxide  and  water  gives  the  formulas : 

Con  =  io-.^?M£5±^  and  Ch  =  ^ 

L  CoH 

where  the  concentrations  (both  those  given  directly  and  those  involved  in 
Kb  and  Kw)  are  expressed  in  equivalents  per  liter.  In  the  ammonium 
chloride  solutions  part  of  the  hydrogen  corresponds  to  the  excess  of 
chloride-ion  over  ammonium-ion,  the  remainder  to  the  hydroxide-ion  in  the 
solution;  hence  the  correction  to  be  subtracted  from  the  specific  con- 
ductance is: 

10-»[CoH  (Ah  +  Aoh)  +  (Ch  — Coh)   (Ah  +  Aoi)] 

In  the  ammonitmi  acetate  solutions,  on  the  other  hand,  part  of  the 
hydroxide-ion  corresponds  to  the  excess  of  ammonium-ion  over  acetate- 
ion,  and  the  remainder  to  the  hydrogen-ion  in  the  solution ;  hence  the  cor- 
rection to  be  subtracted  is : 

10-»  [Ch  (Ah  +  Aoh)  +  (Con—  Ch)  (Anh^  +  Aoh)] 

The  calculations  are  in  every  way  similar  for  sodium  acetate  and  for 
anmionium  acetate  with  excess  of  acetic  acid,  Ka  and  Ca  being  sub- 
stituted for  iiLB  and  Cb,  and  Ch  for  Coh;  the  correction  to  the  specific 
conductance  then  becoming 

10-»  [Ch(Ah  +  Aoh)  +  (Coh  —  Ch)  (An*  +  Aoh)] 
for  sodium  acetate,  and 

10-»  [Coh(Ah  +  Aoh)  +  (Ch  —  Coh)  (Ah  +  Aac)  ] 
for  ammonium  acetate. 
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At  18*",  in  the  solutions  of  ammonium  chloride  and  sodium  acetate, 
the  ionization  of  water  is  so  small  that  the  above  mentioned  hydrolysis 
correction  entirely  disappears;  on  the  contrary,  the  conductance  of  the 
*  added  base  or  acid  itself  must  be  subtracted.      This  correction  is  cal- 
culated by  the  mass-action  law  to  be 

10-./CbCb  <A'^«  +  ^')  (Anh.  +  Aoh) 

for  the  ammonium  hydroxide  in  the  ammonium  chloride  solution,  and 

10~*iiLACA    ^*     — —  (Ah  4-  Aac)  for  the  acetic  acid  in  the  sodium  acetate 

solution;  where  Kb  (or  Ka.)  is  the  ionization  constant  of  the  base  (or 
acid),  Cb  (or  Ca)  is  the  concentration  of  the  added  base  (or  acid)  in 
equivalents  per  liter,  Anh4,  Aci  and  Aoh  (or  Ana,  Aac  and  Ah)  are  the 
equivalent  conductances  of  the  respective  ions,  and  l  is  the  specific  con- 
ductance of  the  salt  in  the  mixture. 

The  effect  of  the  excess  of  acid  or  base  upon  the  ionization  of  the  salt 
remains  to  be  considered.  In  almost  all  cases  this  is  negligible,  as  is 
apparent  from  the  smallness  of  the  correction  for  its  conductance;  but 
in  the  dilute  solutions  of  ammonium  chloride  and  sodium  acetate  at  18*, 
the  concentration  of  the  common  ion  from  the  added  base  or  acid  is 
sufficient  to  diminish  appreciably  the  ionization  of  the  salt  itself,  so  that 
the  conductance  obtained  by  subtracting  that  of  the  base  or  acid  is  not 
the  true  conductance  of  the  salt  at  the  concentration  in  question.  How- 
ever, no  correction  was  applied  for  this,  since  these  18*"  measurements 
were  made  only  to  show  whether  any  contamination  or  change  had  taken 
place  in  the  solution  during  the  heating. 

The  concentration  is  diminished  in  the  case  of  the  more  volatile  solutes 
by  the  volatilization  of  a  small  amount  of  the  solute.  In  the  case  of 
acetic  acid  at  218**,  Noyes  and  Cooper  (section  49,  Part  V)  have  already 
shown  that  the  concentration  is  not  appreciably  affected  by  vaporization 
into  the  small  vapor-space  of  2  or  3  c.cm.  usually  present.  The  total  cor- 
rection to  be  applied  to  the  concentration  for  the  vaporization  of  both 
water  and  solute  was  directly  determined  for  ammonia  at  218*  and  302** 
and  for  acetic  acid  at  306*  by  measuring  the  difference  in  conductance 
produced  by  increasing  the  vapor-space  from  2  c.cm.  to  30  or  50  c.cm. 
Without  describing  the  details  of  the  experiments  or  of  the  calculation, 
the  results  may  be  stated.  It  was  found  that  the  correction  to  be  made 
on  the  concentration  per  cubic  centimeter  of  vapor-space  in  the  case  of 
ammonium  hydroxide  solutions  is  — 0.025  per  cent  at  218*  and  — 0.12 
per  cent  at  302*  or  306*,  and  in  the  case  of  the  acetic  acid  solutions  is 
—  0.05  per  cent  at  306*.  Thus  the  correction  is  negligible  at  218*  for  the 
ammonium  hydroxide  just  as  for  acetic  acid,  and  is  small  for  both  sub- 
stances even  at  306*. 
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80.    THE  SPEanC-VOLUME  DATA. 

To  change  the  concentration  by  weight  to  concentration  by  volume 
at  the  temperature  (t)  of  the  measurement,  the  number  of  milli-equiva- 
lents  per  kilogram  of  solution  was  multiplied  by  the  density  of  the  solu- 
tion at  4*  and  by  the  ratio  of  the  specific  volume  at  4°  to  that  at  /*.  The 
density  was  taken  as  unity  in  most  cases,  but  special  values  were  used 
in  the  case  of  solutions  stronger  than  0.04  normal.* 

Noyes  and  Coolidgef  have  found  that  sodium  and  potassium  chlo- 
rides in  0.1  normal  solution  have  substantially  the  same  specific-volume 
ratio  at  306*,  and  that  this  specific-volume  ratio  differs  from  that  of 
water  by  only  1.0  per  cent.  Since  the  solutions  of  ammonium  chloride, 
sodium  acetate,  and  ammonium  acetate  used  in  the  present  work  were 
all  less  than  0.03  normal  at  306*,  it  was  considered  unnecessary  to  deter- 
mine the  specific- volume  ratios  for  them ;  but  these  were  assumed  to  be  the 
same  as  for  sodium  and  potassium  chlorides,  and  the  deviation  from  the 
ratio  for  pure  water  was  assumed  proportional  to  the  concentration.  At 
18*,  in  all  cases,  the  specific-volume  ratio  for  pure  water,  1.0013,  was  used. 

For  ammonium  hydroxide  and  acetic  acid,  determinations  of  the 
specific-volume  ratio  were  made  at  the  highest  temperature  on  solutions 
sufficiently  strong  to  show  the  deviation  from  pure  water.  For  correc- 
tions at  smaller  concentrations,  and  at  218*,  the  deviation  from  the  ratio 
for  pure  water  was  assumed  proportional  to  the  concentration  and  to  the 
temperature  difference.  The  error  introduced  by  this  assumption  can  not 
be  greater  than  0.1  per  cent. 

The  procedure  for  determining  specific  volume  was  the  same  as  that 
employed  by  Noyes  and  Coolidge.  In  table  72  the  first  column  gives 
the  date;  the  second,  the  concentration  in  milli-equivalents  per  kilogram 
of  solution;  the  third,  the  weight  (in  vacuo)  of  the  solution  in  grams; 
the  fourth,  the  temperature  of  measurement  (^*) ;  the  fifth,  the  volume 
of  the  solution  at  this  temperature ;  the  sixth,  the  weight  of  solution  cor- 
rected for  vaporization  into  the  vapor-space;  the  seventh,  the  specific 
volume  of  the  solution  at  t" ;  the  eighth,  the  specific  volume  corrected  to 
302*  (or  306*)  by  adding  0.0043  per  degree;  and  the  ninth,  the  ratio  of 
the  specific  volume  at  /*  to  that  at  4*. 

"^The  values  of  the  density  employed  are  as  follows : 

Ammonia 0.1     normal  0.9992  Determined  by  pycnometer. 

Ammonia 0.6     normal  0.9961  Lunge  et  al,,  Landolt-Bomstein-Meyerhoffer's 

Tabellen»  829  (1906). 

Acetic  acid  0.1     normal  1.0011 

Acetic  acid  0.6     normal  1.0042  Re^rher,  ibid.,  p.  344. 

Ammonium  chloride  ....0.04  normal  1.0007  Dijken,  ibid,,  p.  886. 

Sodinm  acetate   0.04  normal  1.0020  Fnnx,  ibid.,  p,  886. 

Ammonium  acetate 0.04  normal  1.0008  Hafer,  ibid.,  p.  320. 

tSection  12,  Part  II. 
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The  specific-volume  ratio  for  water  at  302'  is  1.417;  at  306*  1.4365. 
The  values  for  the  ammonium  hydroxide  and  acetic  acid  solutions  there- 
fore differ  from  that  for  water  by  1.5  per  cent  and  by  0.6  per  cent 
respectively. 

The  two  determinations  of  the  volume  of  the  bomb,  made  for  the 
above  measurements,  gave  127.9  c.cm.  and  128.0  c.cm.  respectively  for 
the  volume  at  zero,  which  corresponds  to  129.5  c.cm.  at  306*.  The  values 
of  the  thermal  expansion-coefficient  of  the  bomb,  by  means  of  which  the 
latter  value  was  calculated,  are  reported  in  section  21,  Part  III. 

Table  72. — The  specific-volume  data. 


AMMONIUM   HYDROXIDE. 


Milli-equiT- 

Weicht 

Tempera- 
ture (/o). 

Volame  at 

Weifht 
at/o. 

Specific  Tolune 

Date.           '    alenta  per 
kilocrani. 

of 
aolation. 

At/<». 

At  302°. 

Ratio 
302OWO. 

1906 

Feb.  27  .. 
Mar.    3  .. 

523 

513 

88.69 
88.56 

300.8 
301.5 

127.48 
127.61 

88.61 
88.49 

1.4387 
1.4421 

1.444 
1.4445 

1.438 
1.4385 

Mean   . . 

1.4385 

ACETIC   ACID. 


Milli-equiT- 
alents  per 
kilocrani. 

.   Weicht 
of 
aolation. 

Tempera* 
tare  (/«). 

Volame  at 

Weifht 

Specific  Tolome 

Date. 

At /<>. 

At  306°. 

306°/4O 

1906 

May  13   . . 
May  15  .. 

431 
431 

88.13 
88.60 

305.1 
306.0 

126.54 
127.36 

88.02 
88.53 

1.4376 
1.4386 

1.4415 
1.4385 

1.447 
1.444 

Mean    . . 

1.4455  ! 

1 

81.    CONDUCTANCE-CAPACITY  OF  THE  APPARATUS. 

The  conductance-capacity  was  determined  by  measuring  the  conduct- 
ance in  the  bomb  of  solutions  of  known  strength,  and  dividing  these 
values  into  the  known  specific  conductance  of  the  solutions  as  deter- 
mined by  Kohlrausch.*  These  solutions  were  made  to  contain  at  18* 
an  exact  number  of  equivalents  in  one  liter.  In  table  73,  the  fifth 
column  gives  the  measured  conductance  of  the  solution ;  all  the  measure- 
ments in  1905  having  been  made  at  17.95**,  those  in  1906,  at  18.00'. 
The  sixth  column  gives  the  conductance  reduced  to  18.00*  and  corrected 
for  the  conductance  of  the  water.  The  seventh  and  eighth  give  the 
conductance-capacities  at  18**,  and  at  218**  or  306**  respectively. 


♦Sitzungsber.  konigl.  preuss.  Akad.,  1900,  1002.    The  values  used  were: 

Potassium  chloride,    0.01     normal,    122.4.') 

0.005  124.41 


Potassium    nitrate. 

0.01 

118.19 

0.005 

120.47 

Sodium    chloride. 

0.01 

101.96 

0.02 

99.62 
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Table  73. — Values  of  the  conductance-capacity. 


Conductance 

Date. 

Salt. 

Milli-equivalents 
per  liter. 

Condactance  X  10*. 

Conductaoce*  capacity. 

vessel. 

Obserred. 

Corrected. 

18» 

218° 

Bomb  4 

1905 

Apr.     6   .. 

Apr.     7  .. 
Apr.     8  .. 

July  22  .. 
July  23   .. 
July  24  .. 

1906 
Feb.  12   .. 

♦Feb.  12  . 

Mar.    2  .. 
Mar.  11  .. 

Apr.  23   .. 
May  16  .. 
June    6  .. 

June  22  .. 

June  25  .. 

June  29  .. 
July    2  .. 

July    3  .. 

1905 
July  12   .. 

July  13   .. 

KOI.  • .  • 
KOI.*  • . 
KOI. ... 
KOI. .  •  • 
KNO3.. 
Mean .. 

xlOI.  • . . 
KOL. . . 
KNOa.. 

NaOl... 
Mean .. 

KOI.  • . . 
NaOl... 
Mean.. 

KOI. ... 
NaOl... 
Mean .. 

NaOl... 
KOI.... 
Mean.. 

KOI.... 
KOI.... 
KOI. ... 
Mean .. 

KOI. ... 
KCL... 
Mean .. 
IkOl.. . . 

KOI. ... 
KOL ... 

Mean .. 
KOI. . . . 

KOI. . . . 
KOI. ... 
NaOI... 
NaOI... 
KNO... 
Mean  .. 

10.00 
10.00 
10.00 
10.00 
10.00 

8,171 
8,175 
8,173 
8,171 
7,888 

8,172 
8,176 
8,174 
8,172 
7,889 

0.14983 
0.14974 
0.14977 
0.14983 
0.14982 

8,154 
4,147.5 
4,023.5 
6,802 

0.14980 

0.14941 

Bomb  4 

10.00 
5.00 
5.00 

10.00 

8,157 
4,146.5 
4,019.5 
6,801.5 

0.15010 
0.15002 
0.14985 
0.14989 

0.14997 

0.14958 

10.00 
10.00 

8,228 
6,855 

8,220 
6,847 

0.14894 
0.14890 

306° 

Bomb  4 

...... 

0.14892 

0.14828 

Bomb  4 

10.00 
10.00 

8,191 
6,824.5 

8,183 
6,816.5 

0.14962 
0.14956 

•0.14959 

0.14686 
0.14673 

Bomb  4 

10.00 
10.00 

6,950 
8,351 

6,942 
8,344 

0.14680 

0.14617 

Bomb  4 

10.00 
10.00 
10.00 

8,342 
8,342 
8,355 

8,334 
8,334 
8,346 

0.14691 
0.14691 
0.14669 

1 

0.14687 

0.14624 

Bomb  3 

10.00 
10.00 

7,990 
7,987 

7,981 
7,980 

0.15340 
0.15343 

0.15341 

0.15275 
0.15234 

Bomb  3 

10.00 

8,010 

8,002 

0.15300 

Bomb  3 

10.00 
10.00 

8,021 
8,015 

8,013 
8,008 

0.15280 
0.15280 

•  ••••• 

0.15284 

0.15218 

Bomb  3 

10.00 

912.5 

2,619.5 
2,621.5 
2,176.8 
4,258.3 
2.527.0 

911.6 

1.3431 

1.3346 

Pipette- 
Cen 

10.01 
10.01 
9.99 
20.00 
10.00 

2,620.4 
2,622.4 
2,177.1 
4,259.9 
2,527.6 

0.4679 
0.4674 
0.4678 
0.4677 
0.4676 

1 

i 

1 

0.4677 

*In  this  case  the  bomb  contained  only  60  c.cm.  of  solution. 

The  comparison  of  the  first  two  mean  values  in  table  73  shows  an 
increase  in  the  conductance-capacity  of  only  0.1  per  cent  in  four  months ; 
and  the  close  agreement  in  the  specific  conductance  of  the  same  ammo- 
nium chloride  solution,  measured  in  the  bomb  and  in  the  pipette  cell 
at  the  close  of  the  measurements  at  218*  (see  table  74,  experiments 
1.5  a  and  1.5  b)  shows  that  the  conductance-capacity  had  remained  prac- 
tically constant  up  to  that  time.    But  when  redetermined  after  the  first 
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five  experiments  at  302**  (see  table  76,  experiments  10  a-  10  e)  the  con- 
ductance-capacity had  decreased  by  0.65  per  cent.  A  comparison  »f  the 
initial  data  at  18**  of  these  five  experiments  showed  that  three-fourths  of 
this  change  took  place  at  the  first  heating  to  302*,  which  was  made  for 
the  purpose  of  steaming  out  the  bomb.  The  remaining  0.2  per  cent 
change  was  therefore  distributed  equally  over  the  five  experiments. 

Just  before  March  2,  1906,  the  lower  electrode  was  removed,  replaced, 
and  replatinized,  the  conductance-capacity  being  thereby  changed.  The 
succeeding  determinations  show  that  it  remained  constant  at  the  new 
value.  The  last  two  cleterminations  of  February  12,  1906,  in  table  73, 
were  made  with  only  60  c.cm.  of  solution  in  the  bomb.  The  conductance- 
capacity  w^s  increased  0.45  per  cent  by  this  change  in  the  depth  of  the 
solution ;  it  was  found  independent  of  the  depth  when  the  volimie  of  the 
solution  exceeded  85  c.cm.  (See  section  78). 

The  electrode  of  bomb  No.  3  was  replatinized  after  the  experiment 
of  June  20,  1906,  and  was  removed,  replaced,  and  replatinized  before  the 
experiment  of  June  28,  the  conductance-capacity  being  changed  slightly 
each  time.  On  July  3,  the  cylindrical  electrode  was  removed,  and  a 
quartz  cup  put  in,  for  work  with  the  stronger  ammonium  chloride  and 
sodium  acetate  solutions. 

82.    THE  CXDNDUCnVITY  DATA. 

In  the  following  tables  are  recorded  the  data  actually  observed,*  which 
form  the  basis  of  subsequent  theoretical  calculations.  For  convenience 
there  are  also  included  in  these  tables  the  corrections  for  impurities  in  the 
water,  and  for  the  residual  hydrolysis  or  for  the  added  base  or  acid  in 
the  case  of  ammonium  chloride  and  sodium  acetate,  which  corrections 
were  discussed  in  section  78. 

The  first  column  gives  the  date  of  the  experiment.  The  second  gives 
the  number  of  the  experiment ;  the  figure  before  the  decimal  point  is  the 
number  of  the  stock  solution,  that  after  the  decimal  point  the  number 
of  the  dilute  solution  prepared  from  the  stronger  one;  successive  runs 
with  the  same  solution  are  designated  by  appending  the  letters  a,  b,  etc. 
In  the  next  column  or  columns  is  given  the  concentration  of  the  solute 
or  solutes  in  milli-equivalents  (referred  to  the  oxygen-equivalent  as 
8.000)  per  kilogram  of  solution.      The  column  headed  temperature  (/) 

♦Ten  experiments  at  218**,  and  fifteen  at  306**,  were  rejected  on  account  of  leakage 
of  solution  out  of  the  bomb.  The  initial  18*  measurements  on  these  solutions  were 
usually  not  affected,  and  have  therefore  been  included  among  the  data.  Three  other 
experiments  at  218**,  and  one  other  at  306**,  were  not  used  in  deriving  &ial  values 
on  account  of  an  abormal  difference  between  the  initial  and  final  conductances  at 
18**;  but  the  data  of  these  experiments  are  ^ven  for  the  sake  of  completeness.  In 
addition,  several  measurements  with  ammonium  acetate  at  218**  have  been  omitted, 
because  a  more  complete  and  accurate  series  was  made  later. 
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gives  the  temperature  of  the  measurement  in  degrees  centigrade  on 
the  hydrogen  scale.  The  next  column  gives  the  measured  conductance 
in  reciprocal  ohms,  multiplied  by  10*  and  corrected  for  calibration  and 
lead  resistance.  (The  letter  G  shows  that  the  data  were  obtained  in  the 
glass  cell  of  pipette  form.) 

In  tables  74  and  75,  the  next  four  columns  give  the  values  of  the 
specific  conductance  multiplied  by  10*.  The  first  of  the  four  gives  the 
uncorrected  value,  obtained  by  multiplying  the  measured  conductance  by 
10®  and  by  the  conductance-capacity  given  in  table  73  for  the  date  next 
preceding  that  of  the  experiment;  the  second  gives  the  values  obtained 
from  these  by  subtracting  the  conductance  of  the  impurities  of  the  water 
given  in  section  79 ;  and  the  third  and  fourth  pve  the  same  values  fur- 
ther corrected  as  described  in  section  79  for  the  conductance  of  the 
added  base  (or  acid)  at  18**  and  for  the  ionized  water  and  residual  hydrol- 
ysis at  the  higher  temperatures.  The  last  column  gives  the  equivalent 
conductance,  calculated  by  dividing  the  corrected  specific  conductance 
by  the  number  of  equivalents  per  liter  at  /**.  These  last  were  derived 
from  the  milli-equivalents  per  kilogram  as  described  in  section  80,  and  are 
given  in  tables  80  and  81. 

In  tables  76  and  77  the  sixth  and  seventh  columns  contain  the  specific 
conductances,  uncorrected,  and  corrected  for  the  conductance  of  the 
impurities  in  the  water.  The  last  two  columns  contain  the  correspond- 
ing equivalent  conductances.  Both  are  given  since  there  may  be  some 
question  in  these  cases  as  to  the  way  in  which  the  water  correction  should 
be  applied. 

In  table  78,  which  contains  the  results  with  ammonium  acetate,  the 
equivalent  conductances  are  not  given,  since  the  subsequent  calculations 
are  based  on  the  specific  conductances.  The  last  column  of  the  table 
gives  the  percentage  change  of  the  specific  conductance  at  18*,  due  to 
oxidation  or  decomposition.  The  values  of  milli-equivalents  of  salt  per 
kilogram  corresponding  to  the  conductance  at  the  higher  temperature  and 
to  the  final  conductance  at  18*  were  obtained  from  the  initial  content  by 
changing  it  by  a  percentage  amount  equal  to  the  above  mentioned 
percentage  change  in  conductance.  No  similar  correction  was  applied 
to  the  acid  or  base  content,  except  in  the  case  of  the  experiments  carried 
to  306*  with  solutions  containing  an  excess  of  base,  in  which  case  the 
change  in  content  was  directly  determined,  as  described  in  section  79, 
to  be  that  given  in  the  table. 
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Table  74. — Couduetivity  data  t 


,,.  CantrM  for 


NOT.   is'i.2ai 
Not.  E0!l.2bi 


Not.    21I1.31L 

Nov.    SSlJl>| 

I 
Nov.    82  L4 

Nov.    832 


Dec.  ISLSn' 
Dec.  20|l.9bi 
Dec.    221.6    I 


May   291. 

■TlliiV    30  1. 
July      :■.  1. 


10.90 

10.SO 

2.359 
23S9 

2.388 

2.3es 
a.84i 

2.248 
2Ji4S 
2.341 
2.248 

2.24S 


12.115  , 

12.11S  ' 

12.065  I 

12.06S  I 


.1  1T.S8]  2,MSa 
.\  25.00  3,2880 
17.98  2.009 
17.B8  2,010 
'2I8.I  10.760 
I  17.98  2,041 
17.98  1,911 
laiS-O  1 10.240 


17.9B  8,224 
318.2  143,470 
'  17.9Sl  8,283 

I  17.981  9,838 

317.8  JS1,783 

17.98'  9,877 

.    13,001  3,142a 


I  18.00  2,600 
304.6  1 14,515 
.  18.00  2,624 
18.00  3,632 
305.0    14,300 

■  18.00    2,658 
18.00  11,420 

■304.4  .61,030 
'  18.0011,450 

■  I8.OO1  3,7S9 
305.5  ,18,930 

18.00,  3,764 


301.5' 
1,610 
30a.ll 

aS6.6| 


1,239 

1,*75.5 

7,T« 

l,481.5l 

1.469 

1,469.5 
285.3 
329.9 


1,329.51 1 

1,537    I j 

300.8'    298.61 

300,9'   398.7  

1,607.3' I  IfiOl 

304.8  302.61 

285.9  383.7| 

1,529    ' ;  1,523.1 

286.9,    334.7 

286.8  284.61 

1,531.5 1,525 

287.9  285.7!  , 

1,232.51,230   : 

8,500 I  6,494 

1,238    |l,235.5) 

1,474.5|1.473.5;  

7,744     1  7,738 

1,480    ll,478 

1.468    I 

l,468.5j 1 

284.4! 


122J5 
14135  ' 
1S8.8 
UM.SS  I 
802.B 
128.1 
120.75 
eM.0 

isa,95 

1ST2 

S09.0 
1273 
122^ 
765.9 
123.0 
123J 
737a 
122.15 
121.83 
121.9 
120.3 
140.25 


331.5      330.9|    30M' 127.15 

2,120.512,115    1 12,092     1.02S 

384.g;      381.3|    370.8    127.8 

386.0       385.41    383.1    1    127.35 

3,088.5    2,083    j '2.075    ,1,038 

390.0      386.4    367.3, 12B.8 

1,745.5    1,745     1,737       121.05 


),387    I  9,2f 


g,2.'i3 


1,750.5    1,747  1,739    1    j  121.8 

5,048    ,  5,047  ,5,042       '  110.15 

35,265    25,260  ......  .'25,315    I  827.5     ' 

"6    I   5.052  5,047    ,    116.3 


Table  7j. — Conduclk'ity  t 


\  sodium  acetate. 


1906 
June  21 

June   22 

.luly      1 

July      3 

p«i"- 

1,1 

1.2 
1.4 

Mllll-cq 

K- 

.s:'.-s 

^«Ific«nd«..™xm 

perkLloir.^.. 

ttcBd. 

CoFIKUltoC 

crbcoiNi 

CHlCOiH 

HCHUH 

1 

2.848 
2.848 
2.848 
S.810 
2.810 
2.810 
14.15 
14.15 
14.15 
42.49 
42.49 
42.49 

8.82 

7!46 
14.46 
11.57 
11.57 
23.30 
21.99 
21.99 
47.67 
45.39 
45.29 

18.00 

304.5 
18.00 
18.00 

304.S 
18.00 
18.00 

304.8 
18.00 
18.00 

304.8 
18.00 

1,S30.S 

10,505 
1,534.5 
1,60?.S 

10,355 
1,603.5 
8,671 

45,700 
6,669 
2,123 

13,685 
B.l_!2._6 

234.8 
1,604.5 

235.4 

246.6 
1,581.6 

248.3 
1,019..1 
6,955 
1.019 
2.851 
18.365 
2,851 

334.2 
1,599 

231.8 

246.0 
1,576.5 

242.7 
1,018.5 
8,950 
1,015 
2,850 
18,360 
2,847 

2142 
'  214.9 

213.0 

no'i 

1,007.5 

1,004.5 

2,842 

2,840  ■ 

i.  586  ■ 
...... 

6.929 
18.230  ' 

78,3 

704 
75.55 
75.9 

797 
77.1 
71.3 

693.5 
71.1 

es.85 

608.5 
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Table  Ifi.— Conductivity  data  on  ammonium  hydroxide. 


MIJIl- 

«pccl£c«a4ii«..« 

EqgltlllKI  coil. 

Di 

Cbii4sci~ 

X 

V. 

No. 

*a 

""''° 

""  '^  "** 

Un- 

C=r,„,.*, 

Un- 

Contati. 

1905 

Feb. 

21... 

la 

99.9 

17.05 

8,067 

310.2 

309.7 

3.U1 

3.106 

Feb. 

2S... 

lb 

99. 9 

17.93 

2,066.6 

310 

309 

3.110 

3.105 

Apr. 

14... 

aa 

103.45 

17.05 
Slfl.9 

2,104.5 

3.047 

315 
455 

3 
2 

314 
453 

3.055 

3.048 

17.95 

2,065.5 

309 

5 

308 

Apr. 

15... 

2b 

103.45 

17.95 

2,104 

315 

2 

314 

"i.'o'n 

3.047 

216.9 

3,078 

459 

9 

457 

17.95 

2,067.5 

300 

a 

308 

Apr. 

18... 

2c 

103.45 

17.95 

2.105 

315 

3 

314 

"3I055 

'sloia 

217.1 

3.105 

464 

0 

461 

17.95 

2,068 

309 

9 

308 

217.1 

3.106 

464 

1 

461 

17.95 

2,053 

307 

9 

306 

317.6 

3.094 

462 

3 

459 

17.95 

2.049.5 

307 

305 

Apr. 

81... 

Ed 

103. 4fi 

17.95 
216.5 
17.95 

2.104.5 

3,087 

2,078 

315 
461 
311 

3 
3 

4 

314 

458 
310 

3.055 

3.048 

June 

8... 

3 

89.6 

17.95 

1.964.5 

294 

3 

293 

3.293 

3.284 

June 

10... 

4 

94.05 

17.95 

2,009.5 

301 

0 

300 

3.208 

3.203 

92.9 

217.3 

2,889 

431 

6 

429 

5.520 

5.488 

93.9 

17.95 

1.992.5 

308 

5 

297 

3.230 

3.206 

June 

17... 

5a 

106.85 

17.95 

2,140 

320 

320 

3.008 

3.002 

105.8 

217.7 

3,067 

458 

3 

435 

9.151 

5.122 

105.8 

J7.05 

2417 

317 

3 

316 

3.006 

2.994 

June 

19... 

5b 

106.85 

17.95 

2,139 

320 

4 

319 

3.006 

3.000 

Jane 

EO... 

•sc 

106.85 

17.95 

8.137 

320 

319 

3.003 

•2.997 

105.35 

217.7 

3,078 

460 

0 

457 

5. 136 

a. 108 

105.35 

17.95 

2,U0 

316 

1 

314 

3.007 

2.005 

June 

21... 

•5d 

106.85 

17.95 

2,140 

320 

6 

320 

3.008 

•3.002 

105.  a 

217.4 

3,081 

460 

3 

457 

5.125 

5.097 

105.6 

17.95 

2,109.5 

316 

0 

314 

2.998 

2.986 

June 

25... 

6 

85.95 

17.95 

1,923 

288 

0 

287 

2 

3.358 

3.349 

June 

3a.. 

G.l 

9.35 

17.95 

627.4 

04 

0 

93 

1 

10.06 

9.97 

8.965 

217.7 

952 

142 

3 

139 

18.83 

18.49 

6.965 

J7.95 

618 

92 

7 

91 

10.35 

10.21 

July 

4... 

6.2 

10.17 

17.95 

652 

97 

7 

97 

9.52 

9.57 

9.785 

217.5 

909 

144 

9 

142 

17.65 

17.25 

9.785 

17.95 

637 

9S 

6 

94 

3 

9.78 

9.65 

Jnly 

21... 

7a 

89.9 

17.05 

629 

9G 

294 

294 

3.283 

3.278 

July 

21... 

•7b 

89.9 

17.95 

l,Bfl3 

294 

4 

293 

3.280 

•3.275 

317.4 

2,846 

425 

7 

423 

5.617 

5.583 

SB. 9 

17.95 

1,933.5 

290 

288 

3.269 

3.255 

Oct. 

IT... 

a 

146.45 

17.  B5 

799.6  G 

373 

0 

373 

2.560 

2.555 

Nov. 

9 

134.55 

17.95 

767.1  G 

358 

8 

358 

2.673 

8.668 

134.55 

24.97 

893.6  0 

418 

0 

417 

3.119 

3.113 

Nov. 

4... 

s.ia. 

10.51 

17.95 

660.6 

99 

1 

98 

9.45 

9.40 

Nov. 

5... 

9.1b 

10.51 

17.93 

662.2 

99 

3 

98 

9.47 

9.48 

9.715 

218.0 

934 

139 

137 

17.06 

16.70 

9.715 

17.05 

631.0 

94 

7 

93 

9.75 

9.62 

Nov. 

7... 

9.2 

la.TOS 

17.93 

730.5 

109 

6 

109 

8.63 

8.S9 

12.165 

217.2 

1,072 

160 

4 

157 

15.63 

15.39 

12.165 

17.95 

713.6 

107 

I 

105 

8.82 

8.71 

c  mpecthrcly  in  cxperimcBti  Cc,  U.  aod  7b. 
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Table  76. — Conductivity  data  on  ammonium  hydroxidt — Continued. 


1 

Milli* 

Spcclic  cmi4«ctiace 

Maivaleac  ooa- 

1 

Experi- 
ment 
No. 

eqoiTftlentt 

per 

kilocrftin. 

Tempert- 
tare  /<». 

Condnct- 
•ncc  X  10«. 

X10». 

^■ctaDcc. 

Date. 

Un- 
corrected. 

Convctftd. 

Uo- 

1 

CMisctes. 

1905 

1 

Nov.      9... 

9.3 

12.645 

17.95 

730.0 

109.6 

109.0 

8.68 

8.63 

10.97 

217.5 

1,032 

154.4 

151.9 

16.69 

16.41 

1 

10.97 

17.95 

692.9 

104.0 

108.7 

9.49 

9.37 

;  Nov.  11... 

9.4 

13.635 

17.95 

759.5 

114.0 

113.4 

8.38 

9.33 

i 

12.36 

217.7 

1,069.5 

160.0 

157.5 

15.35 

15.11 

12.36 

17.95 

718.4 

107.8 

106.5 

8.74 

8.63 

1906 

Feb.      3... 

10a 

147.55 

18.00 

2,511 

375.5 

374.9 

2.551 

2.547 

! 

134.1 

301.8 

1,054 

156.7 

150.2 

1.671 

1.601 

134.1 

18.00 

2,440 

364.6 

361.0 

2.725 

2.698     , 

1   Feb.     5.. . 

tiob 

147.55 

18.00 

2,513 

375.5 

374.8 

2.551 

td.546 

1 

137.15 

301.0 

1,041.5 

154.9 

148.3 

1.612 

1.544 

1 
1 

137.15 

18.00 

2,368 

353.5 

349.9 

2.584 

2.557 

i   Feb.      6... 

HOC 

147.55 

18.00 

2,501 

375.0 

374.4 

2.548 

2.544 

i 

126.35 

301.8 

985.5 

146.3 

139.7 

1.809 

n.728 

1 

1 

126.35 

18.00 

2,315 

346.9 

343.3 

2.752 

2.723 

Feb.     7.. . 

tlOd 

147.55 

18.00 

2,506 

375.5 

374.8 

2.551 

§2.546 

97.2 

301.9 

858.5 

127.4 

120.8 

2.065 

tl.959 

97.2 

18.00 

2,094 

313.5 

309.9 

3.232 

3.105 

;   Feb.     9... 

SlOe 

147.55 

18.00 

2,516 

375.0 

374.4 

2.548 

2.544 

i 

147.55 

25.00 

2,927 

436.3 

435.5 

2.969 

§2.963 

1 
t 

98.1 

301.8 

905 

134.2 

127.6 

1.958 

1.862 

98.1 

25.00 

2,411 

359.1 

355.5 

3.673 

8.636 

Feb.    20... 

11 

522.8 

18.00 

4,528 

674.3 

673.6 

1.297 

1.295 

Mar.     9... 

12 

512.9 

18.00 

4,574 

671.4 

670.6 

1.316 

1.315 

462.2 

301.1 

1,922 

280.9 

274.3 

0.879 

0.859 

462.2 

18.00 

4,296 

630.6 

627.0 

1.371 

1.363 

1   May    23... 

13a 

420.9 

18.00 

4,171 

612.8 

611.9 

1.463 

1.461 

416.2 

305.7 

1,609 

235.4 

228.8 

0.826 

0.803 

i 

416.2 

18.00 

4,100 

602.4 

598.8 

1.454 

1.445     i 

May    23... 

13b 

420.9 

18.00 

4,174 

613.2 

612.3 

1.464 

1.462 

• 

416.8 

305.3 

1,650 

241.4 

234.8 

0.845 

0.822 

416.8 

18.00 

4,103 

602.8 

599.2 

1.453 

1.444 

May    25... 

13c 

420.9 

18.00 

4,183 

614.5 

613.6 

1.467 

1.465 

1 

413.8 

305.0 

1,670.5 

244.3 

237.7 

0.859 

0.836 

413.8 

18.00 

4,099 

602.2 

598.6  , 

1.462 

1.453 

May    20... 

13.1a 

145.2 

18.00 

2,525 

370.9 

370.2  : 

2.561 

2.556 

\ 

138.8 

305.0 

972.5 

142.3 

135.7  , 

1.479 

1.411 

1 

138.8     i     18.00 

2,449 

359.7 

356.1 

2.598 

2.571 

May    27... 

13.1b 

145.2     !     18.00 

2,518 

370.0 

369.3  1 

2.554 

2.549 

1 
j 

138.0     '  304.8 

974 

142.5 

135.9  1 

1.488 

1.420 

i 
i 

1 

138.0     '     18.00 

2,451 

360.1 

356.5  1 

1 

2.616 

2.590 

t£xperiment  10b  was  rejected,  since  the  heating  was  much  shorter  than  in  the  other  expert* 
nients,  and  its  results  show  considerable  deviation  from  the  others. 

146  and  50  c.cul  of  vapor  space  respectively  in  experiments  10c  and  lOd. 
IThe  air  was  boiled   out  of  the  solution  after 


and  lOe. 


Pter  the  initial  measurements  in  experiments   lOd 


Section  82, — The  Conductivity  Data, 
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Table  77. — Conductivity  data  on  acetic  acid. 


Experi- 
ment 
No. 

Milli- 

1 

1 

Specific  condnctance 

Eqaivalent  conductance. 

V^.4.^ 

equivalentt 

per 
kilocrun. 

.  Tempera- 
;    ture  t^. 

i 

Condnctance 
X10«. 

X  . 

IW. 

Date. 

Un- 
coffected. 

Corrected. 

Un- 
corrected. 

Corrected. 

1905 

July     14... 

1 

91.35 

17.95 

961      G 

449.5 

448.9 

4.924 

4.917 

July    17... 

2 

109.1 

17.95 

1,046      G 

489.2 

488.6 

4.487 

4.481 

July    18.. . 

3a 

97.5 

17.95 

989.5  G 

462.9 

462.2 

4.751 

4.744 

Aug.    11... 

3b 

97.5 

17.95 

3,080.5 

462.0 

461.3 

4.741 

4.734 

97.0 

217.8 

2,935.5 

439.1 

436.6 

5.370 

5.340 

97.0 

17.95 

3,059 

458.7 

457.5 

4.731 

4.719 

Aug.    13... 

3c 

97.5 

17.95 

3,077 

461.4 

460.7 

4.735 

4.728 

96.95 

217.5 

2,946 

440.7 

438.2 

5.391 

5.361 

96.95 

17.95 

3,065 

459.7 

458.4 

4.744 

4.730 

Oct    10... 

4 

209.9 

17.95 

1,453      G 

679.4 

678.6 

3.235 

3.231 

*May   5... 

5.1a 

143.5 

18.00 

3,837 

563.6 

562.7 

3.928 

3.921 

144.45 

304.6 

1,178.5 

172.4 

165.8 

1.712 

1.646 

144.45 

18.00 

3,793 

557.3 

553.7 

3.858 

3.833 

♦May    7... 

5.1b 

143.5 

18.00 

3,835 

563.4 

562.5 

3.926 

3.920 

144.15 

305.1 

1,148 

167.95 

161.3 

1.673 

1.607 

144.15 

18.00 

3,788 

556.5 

552.9 

3.869 

3.844 

May     8... 

5.1c 

143.5 

18.00 

3,833 

563.1 

562.2 

3.924 

3.918 

142.7 

305.3 

1,122.5 

164.2 

157.6 

1.651 

1.585 

142.7 

18.00 

3,782 

555.6 

552.0 

3.894 

3.868 

May    13.. . 

6a 

432.5 

18.00 

6,490 

953.5 

953 

2.200 

2.198 

431.3 

305.1 

1,792 

262.1 

255.5 

0.873 

0.851 

431.3 

18.00 

6,363 

935 

931.5 

2.163 

2.154 

May    15... 

6b 

432.5 

18.00 

6,489 

953.5 

953 

2.199 

2.198 

431.2 

306.0 

1,768 

258.6 

252.0 

0.864 

0.842 

431.2 

18.00 

6,368 

935.5 

932 

2.165 

2.156 

May    18.. . 

t6c 

432.5 

18.00 

6,464 

954 

953.5 

2.201 

2.200 

431.3 

304.9 

1,787.5 

261.5 

254.9 

0.893 

0.871 

431.3 

18.00 

6,353 

937.5 

934 

2.169 

2.160 

May    20.. . 

t6d 

432.5 

18.00 

6,458 

953 

952.5 

2.199 

2.197 

430.8 

305.1 

1,783.5 

260.9 

254.3 

0.895 

0.872 

430.8 

18.00 

6,342 

936 

932.5 

2.168 

2.159 

*In  experiments  5.1a  and  5.1b  the  solution  was  boiled  for  a  few  minutes  after  the  measure- 
ment at  18*. 

139  and  42  ccm.  of  vapor  space  in  experiments  6c  and  6d  respectively. 
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Table  li.—CoHduclivity  data  on  ammonium  acelaU. 


niiMtion  of  the  Mlalion  h 


e  final  condnctsncc  ibow*  tl 


Section  8s. — The  Conductivity  Data. 
—Conductivity  data  txi  ammonium  acetate— Contm^cd. 


I   NHlClHlOl    NHtOH    HClHlOl 


2.1i 


Dec.     1. 
Dm.    2. 

1906 

Apr.  21.. 

Apr.  22.. 

Apr.  25.. 

Apr.  37..'  S.20b 

I 
Hay    4..   2.21 

I 
May  30..'  2.22 

June    2..,  2.3t3i 


2.iea 

14.35 

14.195 

14.195 

14.35 

14.28 

14.28 

2.20a 

14.39 

June 

3.. 
23.. 

2.23b 
2.24a 

Jane 

23.. 

•2.24b 

June 

25.. 

S.24C 

June 

26.. 

2.23B 
2.2Sb 

June 

28.. 

2.26 

14.155     |.. 


14.18 
14.18 
14.39 
14.205 
14.205 
14.403 
14.075 
14.075 
14.405 
14.275 
14.275 
14.315 
13.90 
13.90 
43.13 
41.79 
41.79 
43.13 
SB.  23 
39.23 
41.74 
41.74 
43.49 
40.23 
40.23 
43.62 
40.87 
40.87 
43.81 
SB.  11 
8B.11 


132.5 
67.1 
97.1 




;:::: 

'.'.'.'.V. 

14.275 
14.275 
14.273 
14.275 
14.275 
14.275 
42.92 
42.92 
42.92 

11,305     6,179 


l;S95 

851 
1,2B4 
1,295.5 

855.5 
1,291.5 
1314 
1,215.5 
1,298.5 
1,313. S 


.00    8,816    1,299,5 


18 
IB 

00 

3,654 
8,816 

304 

8 

5,818 

18 

w 

8,817 

304 

9 

5.849 

IH 

01 

8,791 

1H 

00;    8,944 

304 

3 

8,310 

45.35 
1SS.9 
125.9 


3,548  1,232       ,1,281.5 

25,885  1  3,872         3,869 

8,558  11,283.5  '  1,282 

3,611  1 1,291.5    1,290.5 

33,885  :  5,069        5.06« 

8,611  1,291.5 

8,656  1,298 

37,580  5,621 

8,639  1,295.5 

8,728  1,309 


11,175 
8,743 
8,956 
7,753 


10,385 

8,780 

24,150 

16,540 

,00|  23,470 

.00  24,130 

'  15,985 

OO!  22,125 

"     16,475 

OO!  23,435 

Oo'  24,535 

'  38,470 


.00  23,180  I 

.00  24,455  , 

~  30,790  I 

.00  22.030  ' 


1.313.5 

1,132.3 

1,304.5 

1,323.5 

1,517 

1,288 

3,695 

2,520 

3,591 


+0.1 

^los 


1,290 
1,297 
5,618 
1,294 
1,303 
6,176 
1,296.5 

1,204.5    . 


1,294.3  

849  i 

1,288  —0.5 

1313.3  1 

1,209  I 

1,294.5  —1.5 

1,312.5  ! 

1,202  , 

1396  1—1.3 

1.324.5  ' 

1.628  

1.281  —3.3 

1313  

|1,127  

1,301  —0.9 

1,323  : 

1,511  1 

1,284.3  1-2.9 

3,694  

S.514  

3,587  —2.9 

3,691  

2,429  

3381  —8.4 

2,504  

3,582  —3.0 


1  thli  experiment  wu  rejected,  beceaw  of  It*  wide  derlatbo  bom 
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83.    EQUIVALENT- CONDUCTANCE  VALUES  AT  ROUND  TEMPERATURES. 

The  next  step  in  the  further  reduction  of  the  data  to  comparable  values 
is  their  correction  to  round  temperatures.  Temperature-coefficients  at 
18**,  218**,  and  306**  were  obtained  by  plotting  against  the  temperature 
the  conductances  given  in  the  preceding  tables  after  correcting'  them 
approximately  to  round  concentrations.  Thus  the  correction  to  round 
temperatures  was  made  on  the  conductance  alone,  none  being  required 
on  the  concentration.  In  the  case  of  anmionium  hydroxide,  the  data 
obtained  at  302**,  before  the  use  of  diphenylamine  as  a  heating  substance 
was  abandoned,  permitted  a  more  accurate  calculation  of  the  temperature- 
coefficient  than  could  be  obtained  for  306**  by  drawing  the  curve  through 
156**,  218**,  and  306**.  Yet,  since  the  correction  to  round  temperatures 
was  seldom  more  than  2  per  cent,  the  coefficient  does  not  need  to  be 
very  accurately  known. 

In  table  79  are  given  the  temperature-coefficients  employed,  expressed 
in  per  cent  of  the  equivalent  conductance  at  the  temperature  in  question 
for  the  first  four  substances,  and  in  per  cent  of  the  specific  conductance 
for  ammonium  acetate. 


Table  79. — Temperature-coeMcients  of  conductance. 


Sabstance. 


NH4a 


NaC,H,0: 


NH4OH 


HC,H,0, 


NH4C,H,0, 


1  NH,C,H,0.  4-  \ 


1  NH4OH  OP  1  HC 

1  NH^CHsO,  + 
3  NH4OH  or  3  HC 


1  NH^CHsO,  +  \ 

.H,o,; 


MiUi- 

eqaivalents 

per  liter. 


30 

10 

2 

30 

10 

2 

300 

100 

10 

300 
100 

30 
10 

30 
10 

30 
10 


18°. 


2.20 
2.20 
2.20 


2.38 
2.15 

1.70 

2.75 

2.75 

2.75 


218**. 


0.36 
0.37 


—0.78 
—0.66 

■^.77 

^.85 

^!82 

^[77 


306°. 


0.16 
0.21 
0.26 

0.20 
0.25 
0.32 

—2.65 
—3.95 

—2.0 
—3.0 

—3.15 
—3.35 

—2.8 
—2.95 

—2.3 
—2.4 


In  table  80  are  given  the  conductance  values  for  ammonium  chloride. 
The  first  column  gives  the  number  of  the  experiment,  corresponding  to 
that  in  the  table  of  Conductivity  Data.  The  next  three  columns  give  the 
concentration  in  milli-equivalents  per  liter  of  solution,  calculated  as 
described  in  section  80.     The  fifth  column  shows  the  ratio,  in  equivalents. 


Section  8j. — Summary  of  Equivalent  Conductances. 
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of  the  ammonium  hydroxide  to  the  ammonium  chloride  present,  the  excess 
of  base  having  been  added  in  the  experiments  carried  to  the  higher 
temperature  in  order  to  reduce  the  hydrolysis  nearly  to  zero.  The  next 
three  columns  give  the  equivalent  conductance  at  18**  before  and  after 
heating  to  218^*  or  306%  and  that  at  218**  or  306^  The  increase  of  con- 
ductance at  18**  shows  that  a  slight  contamination  occurred.  This  has 
been  corrected  for  in  the  last  column  by  diminishing  the  conductance  at 
218**  or  306**  by  one-half  of  the  percentage  increase  at  18**.  This  correc- 
tion is  about  0.1  per  cent,  except  in  Nos.  1.2b  and  1.8  where  it  is  0.6  per 
cent;  the  results  of  these  experiments  are  therefore  given  a  weight  of 
one-half. 

In  table  81  are  given  in  a  similar  manner  the  results  with  sodium  acetate. 

Table  80. — Equivalent  conductance  of  ammonium  chloride  at  round  temperatures. 


Experi- 
ment No. 

Milli-eqaiTslents  of  salt 

per  liter. 

Ratio  of 

NH4OH 

toNH4Cl. 

EqniTalent  con4actance. 

18°  initial. 

18°  final. 

218° 

18°  initial. 

18°  final. 

218° 

218° 
corrected. 

1.5a 

12.05 

0 

121.85 

1.5b 

12.05 

0 

121.9 

1.1 

10.885 

0 

122.2 

1.6 

2.252 

0 

126.3 

a  •  .  •  .  . 

2.0 

12.065 

12.10 

10.22 

0.49 

122.15 

122.2 

757.6 

757.4 

1.4 

10.015 

10.045 

8.48 

0.60 

122.85 

123.05 

765.4 

764.6 

1.2a 

2.356 

0.51 

126.85 

...... 

1.2b 

2.356 

2.363 

1.995 

0.51 

126.9 

128.15 

802.3 

798.3 

1.3a 

2.238 

2.245 

1.894 

0.54 

126.8 

126.9 

802.2 

801.8 

1.3b 

2.238 

2.245 

1.895 

306°. 

0.54 

127.25 

127.35 

804.1 
306°. 

803.7 
306°  cor. 

1.10 

43.41 

43.41 

30.48 

1.00 

116.15 

116.3 

828 

827.5 

1.9 

14.275 

14.275 

10.03 

1.82 

121.65 

121.8 

925.5 

925 

1.7 

2.897 

2.901 

2.035 

2.51 

127.15 

127.8 

1,032 

1,029.5 

1.8 

2.851 

25°. 

2.852 

1.999 

4.60 

127.35 

25°. 

128.8 

1,040.5 

1,034.5 

1.1 

10.87 

0 

141.35 

1.6 

2.249 

0 

146.25 

Table  81. — Equivalent  conductance  of  sodium  acetate  at 

round  temperatures. 


Experi- 
ment No. 

Milli-eqaiTalenti  of 

Ratio  of 

HCsHtOt 

to  NaCsHtOf . 

Eqairalent  conductance. 

•alt  per  liter. 

18°initial. 

18°  final. 

306°. 

18° 

306° 

1.4 
1.3 
1.1 
1.2 

42.52 
14.13 
2.844 
2.806 

29.95 
9.92 
1.998 
1.9685 

1.07 
1.56 
2.62 
4.11 

66.85 
71.3 
75.3 
75.9 

66.8 
71.1 
75.55 
77.1 

613 
702.5 
800 
803 

It  will  be  seen  that  the  conductances  at  18**  of  the  first  four  ammonium 
chloride  solutions  containing  no  excess  of  ammonia  are  uniformly  about 
0.3  per  cent  lower  than  those  of  the  solutions  containing  ammonia.    The 


222 


ConducHzHty  of  Aqueous  Solutions. — Part  VII . 


cause  of  this  small  difference  is  not  known ;  but  it  may  be  due  to  a  slight 

contamination  by  carbon  dioxide.     It  may  also  be  mentioned  that,  when 

corrected  to  the   same  concentration,   the  conductance   of  ammonium 

chloride  solution  No.  2  which  was  made  from  standardized  hydrochloric 

acid  and  ammonia,  agrees  almost  exactly  with  that  of  the  other  entirely 

independent  solutions  made  from  the  stock  solution  of  the  crystallized  salt. 

In  tables  82  and  83  are  presented  in  a  similar  manner  the  equivalent 

conductances  of  acetic  acid  and  ammonium  hydroxide  corrected  for  the 

impurities  in  the  water  and  reduced  to  round  temperatures.    Two  columns 

are,  however,  added  in  which  are  given  the  ionization-constants  Kb  or  Ka 

for  these  substances  calculated  directly  from  the  separate  values  of  the 

A*C 

equivalent  conductance  by  the  equation  7- v       =  Kb  or  Ka  ]  for 

(Ao  —  AjAo 

this  furnishes  the  best  means  of  showing  the  agreement  of  the  results 
of  the  different  measurements.  The  A©  values  employed  are  those  derived 
and  tabulated  in  section  84.  In  the  case  of  the  experiments  with  ammo- 
nium hydroxide,  solutions  1,  2,  3,  6,  and  12  were  prepared  from  Baker 
and  Adamson's  purest  aqua-ammonia,  the  others  from  liquid  ammonia, 
as  described  in  section  78. 


Table  82. — Equivalent  conductance  and  ionijsation-constant  of  acetic  acid  at  round 

temperatures. 


Experi- 
ment No. 

Milli-equiTalenti  per  liter. 

Bquiralcnt  condnctance. 

j:^xio« 

18°  initial. 

18°  final. 

218° 

18°  initial. 

18°  final. 

218° 

18°.        I    218° 

4 
2 

3a 

1 

3b 
3c 

Mean 

6a 
6b 
6c 
6d 
Mean 

5.1a 

5.1b 

5.1c 

Mean 

210.0 
109.05 
97.45 
91.3 
97.45 
97.45 

96!95* 
96.9 

8i!75* 
81.75 

3.234 
4.484 
4.747 
4.920 
4.737 
4.731 

4!722* 
4.733 

'5!332 
5.340 

18.30 
18.33 
18.37 
18.50 
18.29 
18.25 

i!726' 
1.725 

306° 
300.4 
299.2 
292.7 
291.5 

•18.34 

1.723 

433.5 
433.5 
433.5 
433.5 

432.3 
432.2 
432.3 
431.8 

2.198 
2.198 
2.200 
2.197 

2.154 
2.156 
2.160 
2.159 

306° 
0.836 
0.843 
0.852 
0.857 

17.39 
17.39 
17.42 
17.38 

306° 

0.1305 
0.1325 
0.132 
0.1335 

17.40 

0.132 

0.156 
0.153 
0.149 

143.5 
143.5 
143.5 

144.45 
144.15 
142.7 

100.75 
100.4 
99.45 

3.921 
3.920 
3.918 

3.833 
3.844 
3.868 

1.577 
1.563 
1.552 

18.41 
18.40 
18.38 

*18.40 

0.153 

*The  mean  of  all  the  values  at  18*  for  the  concentrations  between  210  and  91  milli-nonnal 
is  18.S6. 
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Table  83. — Equivalent  conductance  and  ionisation-constant  of  ammonium  hydroxide 

at  round  temperatures. 


Experi- 
ment No. 

Milll-equiTalents  per  liter. 

BqaiTalent  con4actance. 

K,  X10« 

ISP  initial. 

18°  final. 

218° 

18°  initial. 

18°  final. 

218° 

18° 

218° 

i:a 

103.2 

1  •  •  •  •  4 

3.051 

17.13 

•   •   •   •   •   1 

2b 

103.2 

!••••< 

3.050 

17.11 

20 

103.2 

»••••« 

3.051 



17.13 

•   •  •   •  •  4 

2d 

103.2 

»     •    •     •    • 

3.050 

•   ••••• 

17.11 

la 

9C.7 

»  •  «  •    .    i 

3.109 

17.18 

•   •   •   •  •   1 

lb 

99.7 

»•«••< 

3.108 



..•••. 

17.17 

•  •  •  •  •  4 

3 

89.4 

>••••< 

3.287 

17.24 

•   •  •   •  •   4 

6 

Mean 
5b 

85.75 

•  ■  •  •  •  1 

3.352 

17.20 

•   •  •   •  •   4 

- 

!••••< 

■        *•■... 

17.16 

106.6 

P     •    •    •    •     4 

3.003 

17.13 

•   ••••« 

5a 

106.6 

105.55       I 

39.0 

3.005 

2.997 

5.110 

17.15 

1.797 

50 

106.6 

105.1         { 

)9.55 

3.000 

2.998 

5.096 

17.09 

1.794 

5d 

106.6 

105.35       i 

39.8 

3.005 

2.989 

5.073 

17.16 

1.783 

4 

93.85 

92.7 

r8.2 

3.206 

3.209 

5.458 

17.20 

1.798 

7a 

89.75 

1  .  •  ■  •  « 

3.281 

17.23 

. .  .^ . . 

7b 

Mean 
9.4 

89.75 

88.75       ' 

r5.8 

3.278 

3.258 

5.557 

17.20 

1.807 

10.42 

...... 

17.16 

1.796 

13.615 

12.34       ] 

8.34 

8.64 

15.08 

17.26 

1.84 

9.2 

12.685 

12.16       ] 

L0.26 

8.60 

8.72 

15.31 

17.13 

1.87 

9.3 

12.63 

10.955 

9.25J 

>       8.64 

9.38 

16.36 

17.21 

1.93 

9.1a 

10.495 

•   •  ■   a  .   •               < 

>••■•< 

9.41 

17.02 

9.1b 

10.495 

9.70 

8.18/ 

S       9.43 

9.63 

16.76 

17.09 

1.79 

6.2 

10.155 

9.77 

8.25J 

S       9.58 

9.66 

17.19 

17.08 

1.90 

6.1 
Mean 

9.335 

8.95 

7.56 

9.98 

10.22 

18.44 

17.08 

2.00 

•  ••••• 

■  •  ■  ■  • 

a                  •••••• 

17.12 

1.89 

306° 

306° 

306° 

11 

12 

520.0 
510.1 

459.9       3j 

>  •  •  •  • 

L9.4 

1.295 
1.315 

1.363' 

'6.760 

15.44 
15.60 

0.0935 

13b 

418.9 

414.9       2( 

J5.7 

1.462 

1.444 

0.807 

15.84 

0.0940 

13a 

418.9 

414.3       21 

35.1 

1.461 

1.445 

0.797 

15.82 

0.0915 

13c 
Mean 

10b 

8 

9 
13.1a 

418.9 

411.9       21 

34.4 

1.465 

1.453 

0.814 

15.91 

0.0955 

»  •  •  •  • 

a                    •••••• 

'1.357 

0.0935 

147.2 
146.1 
134.25 
144.85 

138.5"      t 

a  •  •  •  • 
t  •  «  •  • 

f6.2 

2.546 
2.558 
2.671 
2.556 

2.571' 

16.97 
17.00 
17.04 
16.83 

0.0895 

13.1b 

144.85 

137.65       \ 

J5.75 

2.549 

2.590 

1.356 

16.74 

0.0890 

10a 

147.2 

133.8         \ 

)3.8 

2.547 

2.698 

1.374 

16.98 

0.0895 

10c 

147.2 

126.1          1 

90.85 

2.544 

2.723 

1.483 

16.94 

0.0900 

lOe 

147.2 

97.75       ( 

}8.55 

2.544 

•3.636 

1.598 

16.94 

0.0885 

lOd 
Mean 

147.2 

97.0         ( 

11.7 

2.546 

3.195 

1.681 

16.97 

0.0885 

250 

•  ■  •  •  • 

a                    •••••• 

16.93 

0.0895 

250 

25° 

lOe 
9 

Mean 

147.0 
134.0 

a    •   •    •   • 

2.963 
3.115 

17.82 
17.96 

•  •  •  •  • 

a 

a    •  •    •   • 

a                  •••••• 

17.89 

*Thii  was  the  coiutactance  at  25*. 
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A  comparison  of  the  separate  values  of  tiie  ionization-constants  for 
nearly  the  same  concentrations  in  tables  88  and  83  shows  at  each  tem- 
perature an  entirely  satisfactory  agreement  Moreover,  the  mean  of 
the  first  series  of  values  for  ammonium  hydroxide,  which  were  obtained 
with  solutions  prepared  from  a  pure  commercial  aqua  ammonia,  will  be 
seen  to  be  identical  with  the  mean  of  the  second  series  of  values,  which 
with  solutions  prepared  from  a  pure  commercial  aqua  ammonia,  will  be 

84.    FINAL  VALUES  OF  THE  EQUIVALENT  CONDUCTANCE   AND  THEIR 
VARIATION  WITH  THE  CONCENTRATION  AND  TEMPERATURE. 

Final  values  of  the  equivalent  conductance  at  round  concentrations  for 
ammonium  chloride  and  sodium  acetate  and  for  ammonium  hydroxide  and 
acetic  acid  have  been  derived  from  those  given  in  tables  80  to  83. 

This  has  been  done  in  the  case  of  the  two  salts  at  306"*  with  the  help 
of  the  function  C(Ao  —  A)  =  ^(CA)*  by  first  determining  the  values  of 
the  three  constants  A^,  K,  and  «,  by  substituting  the  values  of  A  at  the 
three  widely  different  concentrations,  and  then  calculating  in  the  reverse 
way  the  value  of  A  for  various  round  concentrations.  In  the  case  of 
ammonium  chloride  at  18"  and  218**,  however,  since  only  two  widely 
different  concentrations  were  investigated,  the  value  of  n  was  assumed 
to  be  identical  with  that  found  for  the  very  analogous  salt  potassium 
chloride,  namely  1.42  at  18"  and  1.50  at  218*.  (At  18"  and  26*  the 
measurements  with  the  pure  salt,  without  excess  of  ammonium  hydroxide, 
were  alone  utilized.)  The  values  of  A  and  of  Ao  so  obtained  are  sum- 
marized in  Table  84.  The  values  of  »  at  306**  derived  as  just  described 
are  1.44  for  ammonium  chloride  and  1.49  for  sodium  acetate. 

In  the  cases  of  ammonium  hydroxide  and  acetic  acid  values  for  A^ 
were  first  obtained  indirectly  bv  the  relations: 

w  m 

Ao(NH40H)  =  Ao(NH4Cl)   +Ao(NgOH)  Ao(NgCl) 

A„(HAc)         =  Ao(NaAc)      +Ao(HCl)      Ao(NaCl) 

Most  of  the  Ao-values  for  the  substances  on  the  right  were  taken  from  the 
various  parts  of  this  publication.  In  the  case  of  sodium  hydroxide,  how- 
ever, no  measurements  exist  at  306**,  and  those  at  218**  are  not  suf- 
ficiently accurate  nor  extensive.  A^- values  for  it  were  therefore  derived 
under  the  assumption  that  it  lies  at  such  a  proportional  distance  between 
the  Ao-values  for  sodium  chloride  and  hydrochloric  acid  at  these  tem- 
peratures as  is  indicated  by  its  position  between  them  at  the  lower 
temperatures  of  18°,  100**,  and  156**.  All  these  Ao-values  are  given  in 
the  following  table.  Those  for  ammonium  acetate  which  are  needed  in 
the  subsequent  calculation  of  the  hydrolysis  of  this  salt  are  also  included. 
They  were  derived  by  combination  of  those  for  ammonium  chloride, 
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sodium  acetate,  and  sodium  chloride.  The  Roman  numerals  within 
parentheses  show  the  Part  of  this  publication,  and  the  immediately  fol- 
lowing number,  the  table,  from  which  the  A©  values  were  taken. 


Subitance.                          18° 

25° 

218° 

306° 

1 

NH^Cl 1          130  9* 

152.0  (VII,  84) 

...... 

270.6i 

841  (VII,  84) 
660  (V,  36) 
1,060 
1,265  (V,  36) 
760  (II,  9) 
1,141 
1,165 
741 

1,176  (VII,  84) 
924  (VII,  84) 

1,310 
1,424  (VIII,  109) 
1,080  (II,  9) 

1,406 

1,268 

1,020 

NaOsHaO-...;     78.1  (V,  36) 

NaOH 1  216.5  (VI,  59) 

HOI i  379      (V,  36) 

Naa I09.0t 

NH4OH 238.4 

HO,H,0, 348.1 

NHAHjOa.  1          100.0 

*Mean  of  the  resulU  presented  in  thii  Part,  Table  84,  and  in  Part  VI,  Table  69. 
tValue  of  Kohlrausch. 

t Calculated  from  the  NH4OH  value  at  18*  by  means  of  Kohlrausch's  temperature-coefficients  for 
the   ions    (Sitzungsber.   preuss.   Akad.,   1901,   1031). 

With  the  help  of  these  Ao-values  for  the  ammonium  hydroxide  and 

(c\y 

acetic  acid  the  ionization-constants  777"^ .  v  .     already  given  in  tables 

C  (Aq  —  A;Ao 

82  and  83  were  calculated;  and  from  the  means  of  these  for  each  near- 
lying  series  of  concentrations,  the  values  of  A  at  round  concentrations 
were  obtained  by  reverse  calculation.  The  latter  are  summarized  in 
table  84. 


Table  84. — Final  values  of  the  equivalent  conductance  at  round 

temperatures. 


Milli- 

Subitance. 

equivalents 
per  liter. 

18°. 

25**. 

218®. 

306**. 

Ammonium 

30 

118.1 

828 

chloride 

10 

122.5 

141.7 

758 

925 

2 

126.5 

146.5 

801 

1031 

0 

131.1 

152.0 

841 

1176 

Sodium  ace- 

30 

613 

tate 

10 
2 
0 

...... 

702 
801 
924 

Ammonium 

500 

1.325 

hydroxide 

300 

1.752 

0.785 

100 

3.103 

3.62 

4.821 

1.329 

80 

3.466 

5.389 

10 

9.66 

15.56 

0 

238.4 

270.6 

1141 

1406 

Acetic  acid 

300 

2.682 

0.841 

100 

4.685 

4.824 

1.567 

80 

6.234 

5.393 

0 

348.1 

...... 

1165 

1268 
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For  the  sake  of  comparison  the  values  obtained  by  other  workers  in 
this  laboratory  are  here  tabulated. 


0.002  Normal 
NH«CU(18°. 

0.1  MffBMl  NH40H. 

0.08  noraul  HCtHsOt. 

•tiaP. 

912^. 

at  18^.     [     at  as''. 

Noyes  and  Ck>oper. 
Noyes  and  Kato... 
Kanolt  

126.6 

♦mis 

s'.io' 

3.11 
3.10 

3.62 

5.22 

5.34 
'5I39" 

Sosman    

*Kohlrausch  found  126.2. 

It  is  of  interest  to  consider  the  change  with  the  temperature  of  the 
Ao-values  for  ammonium  chloride  and  sodium  acetate,  taken  in  combi- 
nation with  the  results  of  Noyes  and  Kato  (table  59,  Part  VI)  and  of 
Noyes  and  Cooper,  table  40,  Part  V).  The  values  of  A  A/At  for  the 
successive  temperature-intervals  are  given  in  table  85;  and  the  ratio  of 
their  Ao-values  to  those  of  potassium  chloride  and  sodium  chloride  at 
the  same  temperature  are  given  in  table  86. 

Table  85. — Temperature-coefficients  of  tfie  equivalent  conduct- 
ance at  zero  concentration  (AA|/Af). 


Subitance.             A^atlS^. 

18-100°. 

100-156°. 

156-218°. 

218-306**. 

NH^Cl 130.9 

3.47 
2.53 

3.80 
2.95 

3.43 
3.40 

3.81 
3.00 

NaCzHsOz 78.1 

Table  86. — Ratio  of  Jf^o-values  to  those  for  other  substances. 


Substance. 

1 

18°.         100°. 

1 

156°. 

218°. 

306°. 

NH.Cl :  KCl 

1.01      1.00 
0.60     0.69 
0.72  1  0.79 

1.00 
0.72 
0.81 

1.02 
0.80 
0.87 

1.05 
0.82 
0.86 

NaOaH.OaiKOl 

NaOaHgOz  :Na01 

It  will  be  seen  from  these  tables  that  the  Ao-values  for  ammonium 
chloride  increase  with  the  temperature  in  nearly  the  same  way  as  do  those 
for  potassium  chloride,  there  being  two  points  of  inflexion  in  the  con- 
ductance-temperature curve,  namely,  between  100**  and  218**,  and  218**  and 
306°.  For  sodium  acetate,  on  the  contrary,  the  rate  of  increase  with  the 
temperature  becomes  steadily  greater  up  to  218**.  The  equivalent  conduct- 
ance of  the  acetate  ion,  however,  steadily  approaches  that  of  the  chloride 
ion  (except  through  the  interval  218**- 300°  where  the  slight  decrease  in 
the  ratio  for  sodium  acetate  to  sodium  chloride  may  be  due  to  error). 
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With  respect  to  the  change  of  equivalent  conductance  with  the  con- 
centration, mention  need  only  be  made  of  the  fact  that  the  values  of  the 
exponent  n  in  the  function  C(Ao  —  A)  ■=.K{CK^^  are  about  the  same 
for  these  two  salts  at  306**  as  for  the  other  salts  previously  investigated, 
namely,  1.44  for  ammonium  chloride  and  1.49  for  sodium  acetate.  In  the 
cases  of  the  base  and  acid  the  value  of  n  is  approximately  2,  as  the  mass- 
action  law  requires  (see  section  85). 

The  equivalent-conductance  values  for  the  base  and  acid  (for  example, 
at  100  milli-normal)  decrease  greatly  between  218**  and  306**  and  are 
less  at  the  latter  temperature  than  at  18**.  This  arises,  of  course,  from 
a  greatly  decreased  ionization,  which  overcompensates  the  increased 
equivalent  conductance  of  the  ions. 

65.    IONIZATION    VALUES    AND    THEIR    VARIATION    WITH    THE 

CONCENTRATION  AND  TEMPERATURE. 

Table  87  contains  the  percentage  ionization-values  for  the  four  sub- 
stances whose  equivalent  conductances  were  given  in  table  84.  These 
values  are  simply  those  of  the  ratios  IOOA/Aq. 


Table  87. — Percentage  ionization. 


Substance. 

Mim- 

eqaiTslents 
per  liter. 

18°. 

25°. 

218°. 

306°, 

Ammoniuni 
chloride 

30 

10 

2 

90.1 
93.5 
96.5 

93!2 
96.4 

90.1   * 
95.3 

70.4 
78.7 
87.7 

Sodium 
acetate 

30 

10 

2 

66.4 
76.0 
86.7 

Ammonium 
hydroxide 

500 

300 

100 

80 

10 

0.556 
0.735 
1.302 
1.454 
4.05 

1.338 

'6!422 
0.472 
1.36 

6! 0558 
0.095 

Acetic  acid 

300 

100 

80 

0.771 
1.346 
1.504 

0.463 

0.0663 
0.124 

The  ionization  values  for  ammonium  chloride  and  sodium  acetate  even 
at  306**  are  only  slightly  less  than  those  for  sodium  and  potassium  chlo- 
rides, for  which  in  10  milli-normal  solution  the  values  79.6  and  81.2  per 
cent  were  found  by  Noyes  and  Coolidge  (see  table  12,  Part  II).  The 
ionization  of  both  ammonium  hydroxide  and  acetic  acid  is  seen  to  have 
become  very  much  less  at  the  higher  temperatures.  The  separate  values 
of  their  ionization-constants  have  already  been  given  in  tables  82  and  83. 
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In  table  88  are  given  the  means  of  these  for  each  g^oup  of  nearly  equal 
concentrations,  which  means  correspond  to  the  ionization  values  given  in 
table  87.  In  computing  these  constants  the  concentration  has  been 
expressed  in  equivalents  per  liter.  In  the  last  line  under  each  substance 
are  given  in  black  type,  what  are  probably  the  best  values  for  dilute  solu- 
tions, taking  into  consideration  the  experimental  errors  in  the  more  dilute 
solutions  and  the  deviation  from  the  mass-action  law  in  the  more  con- 
centrated ones. 

Table  88. — lonisation-constanis  X  1<^  for  ammonium 

hydroxide  and  acetic  acid. 


Sobitance. 

Eqaivalents 
per  liter. 

18°. 

2^. 

218®. 

306°. 

Ammonium 
hydroxide 

Acetic  acid 

0.52 
0.42 
0.30 
0.15 
0.10 
0.01 

Best  Value 

0.43 
0.30 
0.14 
0.10 
Best  Value 

15.5 
15.9 

0.094 

16.9 
17.2 
17.1 
17.8 

17.4 

17.9 

is!!* 

1.80 
1.89 
1.80 

0.090 
6.008 

0.132 

18.4 
18.3 
18.8 

1.72 
1.78 

0.153 
0.189 

It  will  be  noted  that  at  18°  the  ionization  constants  of  both  substances 
are  considerably  less  at  0.4  normal  than  at  0.1  normal,  doubtless  because 
of  inaccuracy  in  the  assumptions  involved  —  the  validity  of  the  mass- 
action  law  or  the  proportionality  between  ionization  and  equivalent  con- 
ductance. That  at  the  higher  temperatures  of  318**  and  306**  the  mass- 
action  law  holds,  at  any  rate  approximately,  at  moderate  concentrations 
is  shown  for  ammonium  hydroxide  by  these  results.  This  has  previously 
been  shown  to  be  true  for  acetic  acid  at  218**  by  Noyes  and  Cooper. 
Their  values  of  the  constant  (18.2  and  1.69  X  10"®)  also  agree  well  with 
mine  (18.4  and  1.72  X  lO"').  This  is  especially  true  when  the  somewhat 
different  manner  of  correcting  for  the  conductance  of  the  water  is  con- 
sidered; thus  their  value  at  218°  when  corrected  as  described  in  section 
79  of  this  part  becomes  1.72. 
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86.    HYDROLYSIS  OF  AMMONIUM  ACETATE  AND  IONIZATION  OF 

WATER  AT  218**  AND  306^ 

In  order  to  derive  the  degree  of  hydrolysis  of  ammonium  acetate,  the 
specific-conductance  values  given  in  table  78  have  been  first  corrected 
to  round  temperatures  by  means  of  the  temperature-coefficients  given  in 
table  79,  and  the  content  by  weight  has  been  reduced  in  the  usual  way  to 
volume-concentration  at  the  temperature  of  the  measurement.  These 
conductance  values  were  previously  corrected  for  the  conductance  of  the 
impurities  in  the  water;  and  a  correction  has  now  been  applied  for 
that  of  the  ionized  water,  or  of  the  base  or  acid  added,  in  those  cases  where 
the  correction  exceeds  0.1  per  cent.  This  correction  was  calculated  from  the 
ionization-constants  for  these  substances  and  the  equivalent  conductance 
of  the  ions,  as  described  in  section  79.  In  no  case  did  the  correction 
exceed  0.25  per  cent. 

Table  89  contains  the  so-corrected  data  for  the  pure  salt,  and  table 
90  those  for  the  salt  with  an  excess  of  base  or  acid.  In  the  latter  table 
are  given  for  218**  and  306*  in  two  additional  columns  (1)  the  specific 
conductance  (i-o)  which  the  pure  salt  has  at  the  same  concentration  as 
that  (C)  of  the  salt  in  the  mixture,  and  (2)  the  ratio  of  the  specific  con- 
ductance (l)  of  the  salt  in  the  mixture  to  this  conductance  l^.  The 
specific  conductance  l^  is  calculated  from  that  given  in  table  89  for 
nearly  the  same  concentration  under  the  asstmiption  of  proportionality 
between  conductance  and  concentration  through  the  small  interval 
involved. 


Table    89. — Specific   conductance    at   round   temperatures   of 
pure  ammonium  acetate  solutions. 


Experi- 
ment No. 

Milli-eqniTtlenti  per  liter. 

Specific  condactAoce  X  10*. 

18°. 

218°. 

306°. 

18°. 

218°. 

306°. 

1.3 
1.4 
2.1 
2.15 

Mean . 

2.2 
2.10 
2.11 
Mean  . 

2.24b 
2.24a 
2.24c 
Mean  . 

2.19a 
2.19b 
Mean  . 

14.57 
14.44 
14.01 
14.18 

11.81 
12.01 

1,311.5 
1,302 
1,266 
1.281.5 

3,770 
3,830 

14.30 

11.91 

5.93 

6.025 

5.96 

1,290 

656.0 
657.0 
651.0 

3,800 

7.10 
7.11 
7.045 

1,918.5 
1,944.5 
1,921.5 

7.085 

43.10 
43.10 
43.10 

5.97 

29.38* 
29.32 

654.7 

1.928 

3,691 
3,694 

2,412  ' 
2,394 

43.10 

29.35 

9.97 
10.015 

3,693 

1,294.5 
1,294.5 



2,403 

812 

818 

14.335 
14.335 

14.335 

9.995 

1,294.5 

815 

^30 
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Table  90. — Specific  conductance  at  round  temperatures  of  ammonium  acetate 
solutions  containing  ammonium  hydroxide  or  acetic  acid. 


Experi- 

Milli-eqaiTalenti per  liter. 

Specific  coodactance  X  10*. 

Tem- 

pera- 
ture. 

ment 
No. 

Salt  In 
mixture. 

Aci4  (A) 
baM(B] 

or 

Salt  in 
mixture. 

Salt 

in  water 

alone. 

Ratio. 

/o 

CXIO* 

C^orC,X10« 

LX  10« 

LqXIO* 

hlh. 

218 

2.16 

11.94 

11.88 

A 

5,057 

3,809 

1.328 

2.7 

12.015 

12.075 

B 

5,010 

3,833 

1.307 

2.17 

11.90 

23.61 

A 

5,651 

3,797 

1.488 

2.8 

11.92 

23.41 

B 

5,482 

3,803 

1.442 

2.18 

11.825 

47.38 

A 

6,173 

3,773 

1.636 

2.9 

11.875 

46.75 

B 

6,093 

3,789 

1.608 

2.12 

6.08 

5.985 

A 

2,606 

1,963 

1.328 

2.4a 
2.4b 

6.00 
6.04 

6.25 
6.25 

B 
B 

2,563  \ 
2,562/ 

1,944 

1.318 

2.13 

0.10 

12.055 

A 

2,944 

1,969 

1.495 

2.5a 
2.5b 

0.025 
6.015 

11.78 
11.78 

B 
B 

2,875  \ 
2,863/ 

1,944 

1.476 

2.14 

5.975 

24.12 

A 

3,207 

1,930 

1.662 

2.6 

6.015 

23.62 

A 

3,150 

1,942 

1.622 

306 

2.26 

28.76 

31.91 

A 

3,430 

2,355 

1.467 

3.1 

27.53 

88.6 

A 

4,482 

2,254 

1.988 

2.25 

28.34 

68.4 

B 

4,210 

2,320 

1.815 

2.20a 

9.96 

10.025 

A 

1.146  \ 
1,150/ 

813 

1.412 

2.20b 

9.965 

10.01 

A 

2.22 

-  10.01 

8.19 

B 

1,092 

816 

1.338 

2.21 

9.855 

30.06 

A 

1,589 

803 

1.979 

2.23 

9.735 

25.22 

B 

1,480     1 

794 

1.864 

From  the  data  given  in  table  90  the  hydrolysis  of  the  salt  at  218°  and 
at  306**  has  been  calculated  in  two  different  ways. 

The  first  of  these  is  that  used  by  Noyes  and  Kato  (section  73,  Part  VI) 
in  connection  with  their  hydrolysis  experiments  at  156°.  In  this  method, 
the  following  expressions  for  hydrolysis  equilibrium  and  for  the  empirical 
relation  of  van*t  Hoff  between  the  ionization  and  concentration  of  salts 
are  combined: 

(t)  =-  '   ' 


K 


(£)*= 


\  —  h  — 


lO^L 


1  -  K  -  '''^<^ 


CAo 


and  thereby  the  values  of  h^  and  h,  the  hydrolysis  of  the  salt  at  concen- 
tration C  in  pure  water  and  in  the  mixture  respectively,  are  calculated. 
Ao  is  the  equivalent  conductance  of  completely  ionized  ammonium  acetate  ; 
its  values  are  741  at  218°  and  1020  at  306°  (see  section  84). 
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In  the  second  method  the  ion-concentration  is,  as  before,  calculated  by 
dividing  the  specific  conductance  of  the  solution  (multiplied  by  10*)  by 
the  equivalent  conductance  of  the  completely  ionized  salt;  and  then  the 
concentration  of  the  un-ionized  salt  is  estimated  under  the  assumption 
that  it  has  the  same  value  as  in  a  solution  of  an  ordinary  unhydrolyzed 
salt  of  the  same  ionic  type  at  the  same  ionic  concentration.  Then  merely 
by  subtracting  the  un-ionized  fraction  (k)  and  the  ionized  fraction  (y) 
from  unity,  the  hydrolyzed  fraction  {h)  is  obtained ;  that  is,  A  =  1  —  y  —  u. 
In  this  calculation  the  mean  ionization  of  potassium  and  sodium  chlorides 
as  determined  by  Noyes  and  Coolidge  (table  12,  Part  II)  was  used  as  a 
basis.  This  calculation  can  give  accurate  hydrolysis  values  only  when 
the  hydrolyzed  fraction  is  large  and  the  un-ionized  fraction  very  small; 
but  under  such  conditions,  which  are  in  fact  realized  in  the  foregoing 
experiments  fairly  well  at  218**  and  in  much  higher  degree  at  306**,  it  is 
the  most  direct  method  and  a  fairly  reliable  one.  For  example,  suppose 
the  hydrolyzed,  ionized,  and  un-ionized  parts  were  80  per  cent,  18  per 
cent,  and  2  per  cent  respectively;  then  an  error  of  even  3  per  cent  in 
the  ionized,  and  of  26  per  cent  in  the  estimated  un-ionized  fraction,  would 
make,  if  they  lay  in  the  same  direction,  an  error  of  only  one  per  cent 
in  the  hydrolyzed  fraction.* 

Table  91  contains  the  results  of  the  calculations.  In  the  fifth  and 
sixth  columns  are  given  the  values  of  the  percentage  hydrolysis  (lOO/i) 
calculated  by  the  first  and  second  methods,  respectively.  In  the  seventh 
column  is  given  a  mean  derived  from  these.  Since  the  results  by  the 
second  method  are  more  accurate  the  greater  the  hydrolysis,  in  deriving 
this  mean  a  weight  has  been  assigned  to  them  equal  to  the  percentage 
hydrolysis,  the  results  by  the  first  method  being  always  given  a  weight 
of  100.  It  is  desirable  to  combine  the  results  by  the  two  methods  in  some 
such  way  as  this,  since  any  error  in  the  conductance  ratio  l/l©  influences 
them  in  opposite  directions.  In  the  last  three  columns  of  the  table  are 
given  the  values  of  the  percentage  hydrolysis  (100  h^)  of  the  salt  in 
pure  water  at  the  same  concentration  C.  The  values  in  the  first  of  these 
columns  are  derived  by  the  first  method  simultaneously  with  those  of 
100  h.  Those  in  the  second  of  these  columns  are  calculated  from  the 
mean   value  of   lOO/i  given   in   the   seventh   column   by  the  equation 

/i  2  —   —     "^ — 5Z — L.     Those  in  the  last  column  are  obtained  directly 

by  the  second  method  from  the  conductance  in  pure  water. 

*The  calculations  were  also  made  by  still  a  third  method,  namely,  that  described 
by  C.  W.  Kanolt  in  Section  103,  Part  IX,  but  in  this  case  where  the  hydrolysis  is 
very  large  the  results  were  found  to  be  much  more  influenced  by  the  experimental 
error  than  those  calculated  by  the  first  meUiod.  They  are  therefore  not  recorded 
here. 


^3^ 


Conductivity  of  Aqueous  Solutions. — Part  VII. 


Table  91. — Hydrolysis  and  ionisation  of  ammonium  acetate  at  21S**  and  S06*. 


Temper- 
ature. 

Concentra- 
ofialt 

Salt  in  aixtnre. 

Ink  In  pare  wsi«r 

1 

Concentra- 
tion ratio 

^A       ^m 
Aft,    ■ 

C         C 

Ioniza- 
tion 
100  y 

Percenuge  hjrdroljnit 
(100*). 

loBisa. 

tioa 
100  To 

PerceBltgc  hydrolytia 
i               (lOOJbo) 

Bjr 

firat 
mecliod. 

Bjr 

•econd 
BetlM>4. 

Weifht- 
edaeaa. 

1 

Bf 

■wtiod. 

Froa 

▼al«« 
of*. 

Bf 

•ecottd 
wtmho4. 

218 

11.91 
11.94 
11.90 
11.825 

0 

1 

43.1 
43.1 
43.1 
43.1 

53.3 

0.995  A 
1.984  A 
4.007  A 

57.2 
64.1 
70.5 

35.5 
26.2 
16.5 

37.4 
29.5 
22.3 

36.0 
27.0 
17.6 

52.1 
51.6 
50.7 

52.6 
52.4 
51.7 

Mean  .. 

12.015 

11.92 

11.875 

I 

51.5 

52.2 

49.8 
50.5 
62.1 
50.8 

1.005  B 
1.964  B 
3.937  B 

56.3 
62.1 
69.2 

29.6 
21.5 
15.5 

38.4 
31.8 
23.7 

32.0 
24.0 
17.1 

43.1 
43.1 
43.1 

47.5 
47.4 
49.5 

Mean  .. 

5.97 
6.08 
6.10 
5.975 

•  ••••• 

48.1 

53.7 

0 

0.984  A 
1.976  A 
4.037  A 

-  -- 

MK=a^l^BA 

43.6 
43.6 
43.6 
43.6 

" 

==^^=^^^ 

1 

j 

57.8 
65.1 
72.4 

36.0 
27.1 
17.6 

38.0 
30.0 
22.0 

36.5 
27.8 
18.4 

52.4 
52.2 
51.8 

52.9 
52.9 
53.0 

1 

1 

Mean  .. 

6.02 
6.02 
6.015 

...... 

52.1 

52.9 

-*=*= 

i 
1 
! 

1.038  B 
1.957  B 
3.927  B 

57.5 
64.3 
70.7 

30.6 
25.2 
16.1 

38.4 
30.9 
23.8 

32.7 
26.5 
17.6 

43.6 
43.6 
43.6 

48.6 
50.6 
50.0 

50.7 
52.0 
52.4 

1 

Mean  ••     .•.••• 

49.7 

51.7 

90.0 

306 

29.35 
28.76 
27.53 

0 

1.110  A 
3.218  A 

— 



8.03 
8.03 
8.03 

" 

"  ' 

1 

1 

11.69 
15.96 

93.4 
81.2 

86.3 
81.0 

90.1 
81.1 

94.8 
91.0 

92.4 
90.9 

1 

Mean  .. 

28.34 

10.00     , 
9.965  i 
9.855  ; 

92.9 

91.6 

2.414  B 
0 

1.006  A 
3.050  A 

14.56 

85.0 

82.8 

84.0 

8.03 
7.99 
7.99' 
7.99! 

91.8 

91.1 

9l!2 

11.29 
15.81 

90.2 
86.0 

87.5 
82.3 

88.9 
84.3 

92.9 
92.7 

91.9 
91.6 

1 

Mean  . . ;     

92.8 

90.3 
92.3 

91.7 

90.9 
91.5 

'    ••• 

10.01 
9.735  ' 

0.818  B 
2.591  B 

10.70 
14.91 

86.7 
85.8 

88.2 
83.4 

87.4 
84.7 

7.99; 
7.99 

Mead  . . 

'.    ...J 

1 

91.3 

91.2 

1 

1 

1 

1 

A  comparison  of  the  values  of  the  percentage-hydrolysis  (100ft)  of 
the  salt  in  the  mixture  calculated  by  the  two  methods  shows  at  218**  a 
considerable  divergence,  especially  in  the  experiments  where  an  excess 
of  base  was  added.  This  was  doubtless  due  largely  to  the  destruction  of 
some  of  the  base  during  the  heating.  At  306°  where  this  was  determined 
and  allowed  for,  and  where  the  calculation  by  the  second  method  is  more 
accurate,  the  agreement  is  far  more  satisfactory  (except  in  the  first 
experiment  which  appears  to  be  affected  by  some  accidental  error). 
From  an  examination  of  the  values  of  the  percentage  hydrolysis  (100  ft,,) 
of  the  salt  in  pure  water  it  is  seen  that  the  experiments  in  which  different 
quantities  of  acid  were  added  gave  ver}'  concordant  results,  whether 
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calculated  directly  by  the  first  method  or  from  the  weighted  mean  value 
of  the  percentage  hydrolysis  (100  A)  for  the  salt  in  the  mixture.  The 
mean  value  calculated  from  the  latter  is,  however,  to  be  considered  the 
most  accurate.  It  will  be  seen  that  this  agrees  well  in  all  cases  with  the 
value  given  in  the  last  column,  which  was  calculated  directly  by  the 
second  method  from  the  conductance  of  the  salt  in  pure  water.  To  get 
the  best  final  value  from  each  group  of  experiments  we  have  combined 
these  two  by  assigning  to  the  former  a  weight  of  100  and  to  the  latter 
a  weight  equal  to  the  percental|§^e  hydrolysis.  Table  92  contains  the 
final  hydrolysis  values  so  obtained,  the  ionization  values  for  the  salt,  the 
ionization-constant  of  water  calculated  from  them  by  the  equation 
Kyif  =  /SlaX^bAo^/vo*,  and  the  square  root  of  the  constant,  which  represents 
the  concentration  Ch  of  the  hydrogen  (or  hydroxide)  ion  in  pure  water. 

Table  92. — Ionization  of  water  at  218^  and  306^, 


Tonper- 
atore 

Final  retnlu  with  aiiiiBoniDni  acetate. 

Ionization 

constant  of 

water  X10>«. 

BqniTalenti 

of  hjrdrocen- 

ion  per  10^ 

litera 

Bqeiva- 

lenta  per 

liter. 

Percentage 
ioniza- 
tion. 

Percentace 

liirdrol- 

rsia. 

/o 

C 

lOOTo 

lOOAo 

J:^  X  1014 

C„  X  10^ 

218 
306 

0.012 
0.006 

0.030 
0.010 

43.1 
43.6 

8.03 
7.99 

52.6 

53.2 

Mean 

91.3 

91.5 

Mean 

461 
461 

21.5 
21.5 

461 

167 
170 

21.5 

12.9 
13.0 

168 

13.0 

A  comparison  of  these  values  of  the  ionization-constant  with  those 
presented  in  Part  VI  by  Noyes  and  Kato  (48  at  100**  and  223  at  156") 
shows  that  the  constant  is  considerably  greater  at  218*  than  at  the  lower 
temperatures,  but  that  it  has  become  much  less  at  306**.  From  a  plot 
of  the  values  it  appears  probable  that  the  maximum  lies  between  250" 
and  276". 
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87.    SUMMARY. 

In  this  article  have  been  presented  the  results  of  conductivity  measure- 
ments with  ammonium  hydroxide,  acetic  acid,  and  ammonium  chloride 
at  18%  218%  and  306%  and  with  sodium  acetate  at  306%  The  final  values 
of  the  equivalent  conductance  will  be  found  in  table  84,  and  of  the  corres- 
ponding ionization  in  table  87. 

The  equivalent  conductance  of  completely  ionized  ammonium  chloride, 
which  at  18"*  is  nearly  equal  to  that  of  potassium  chloride,  becomes  2  per 
cent  greater  at  218**  and  5  per  cent  greater  at  306** ;  and  that  of  sodium 
acetate,  which  at  18''  is  only  71  per  cent  of  that  of  sodium  chloride, 
becomes  86  per  cent  of  it  at  218**  and  306**.  The  ionization  of  the  two 
salts  is  at  all  temperatures  only  a  little  less  than  that  of  sodium  and  potas- 
sium chlorides ;  thus  at  306**  the  differences  are  about  2  per  cent  and  4 
per  cent,  respectively.  The  hydrolysis  of  these  salts  was  not  measured, 
but  was  reduced  substantially  to  zero  by  the  addition  of  an  excess  of 
the  weak  base  or  acid.  Its  value  can,  however,  be  calculated  from  the 
ionization-constants  of  water,  ammonium  hydroxide,  and  acetic  acid  deter- 
mined in  this  research* ;  and  it  is  of  interest  to  note  that  in  0.01  normal 
solution  both  salts  at  218**  are  1.66  per  cent  hydrolyzed,  and  that  at  306* 
ammonium  chloride  is  4.1  and  sodium  acetate  3.4  per  cent  hydrol)rzed, 
while  at  18**  the  hydrolysis  is  only  0.02  per  cent. 

The  ionization  of  the  slightly  ionized  substances,  acetic  acid  and  ammo- 
nium hydroxide,  decreases  with  great  rapidity  as  the  higher  temperatures 
are  reached;  thus  the  ionization-constants  (X  10**),  as  determined  from 
the  measurements  at  218**  and  306**  presented  in  this  article  and  from  the 
earlier  ones  at  18**,  100°,  156**,  and  218**  by  Noyes  and  Cooper,  and  Noyes 
and  Kato,  are  as  follows : 

Acetic  Acid.  Ammonium  Hydroxide. 
18°                               18.3  17.2 

100**  11.1  13.5 

156**  5.42  6.28 

218°  1.72  1.80 

300°  0.139  0.093 

*These  calculations  were  made,  for  sodium  acetate  for  example,  by  the  substan- 

tially  exact  mass-action  relation; i:v~==  x^^»  wherein  C  represents  the  concentra- 

(1 — h)y     A.A 

tion  of  the  salt,  h  the  hydrolyzed  fraction  of  it,  7  the  ionized  fraction  of  the  quantity 

of  it  unhydrolyzed  (C  —  C/i),  7b  the  ionized  fraction  of  the  total  quantity  of  free 

base  (C/»),  Kf^  the  ionization-constant  for  the  acid,  and  K^  that  for  water.    For  the 

ionized  fractions  7  and  7b  in  the  mixture  may  be  taken  the  value  for  the  pure  salt 

and  that  for  the  pure  base,  respectively,  when  present  alone  at  the  concentration  C, 

the  principle  being  here  applied  that  in  a  mixture  of  largely  ionized  substances  the 

ionization  of  each  is  the  same  as  if  it  were  present  alone  at  a  concentration  equal  to 

the  sum  of  the  concentrations. 
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In  this  article  have  also  been  presented  determinations  of  the  degree 
ot  hydrolysis  of  ammonium  acetate  at  218**  and  SOG"*.  This  has  been 
derived  from  measurements  of  the  change  in  conductance  produced  when 
to  the  solution  of  the  neutral  salt  acetic  acid  or  ammonium  hydroxide  is 
added.  In  0.01  normal  solution  the  pure  salt  was  found  to  be  53  per 
cent  hydrolyzed  at  218**  and  91  per  cent  at  306**,  while  it  can  be  shown 
by  calculation  to  be  only  0.35  per  cent  hydrolyzed  at  18** ;  thus  showing 
the  enormous  effect  of  temperature  in  increasing  the  hydrolysis  of  salts. 

From  the  hydrolysis  and  ionization  of  the  ammonium  acetate  and  from 
the  ionization-constants  of  the  acid  and  base  the  ionization  of  water  itself 
at  218*"  and  306''  has  been  calculated.  The  final  results  together  with 
those  obtained  at  lower  temperatures  by  the  previous  workers  in  this 
laboratory,  are  as  follows.  The  values  show  the  equivalents  of  hydrogen- 
ion  or  hydroxide-ion  present  in  ten  million  liters  of  pure  water. 

lOO'*  ISC'*  218**  306" 

6.9  14.9  21.5  13.0 

The  considerable  increase  between  100**  and  218**  and  the  decrease 
between  218**  and  306*,  indicating  a  maximum  between  these  temperatures, 
will  be  noted. 
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Part  VIII. 

THE  CONDUCTIVITY  AND  IONIZATION  OF  HYDROCHLORIC,  NITRIC, 

AND  SULPHURIC  ACIDS  UP  TO  306^  AND  OF  PHOSPHORIC 

ACID  AND  BARIUM  HYDROXIDE  UP  TO  156^ 


88.    OUTLINE  OF  THE  INVESTIGATION. 

In  this  article,  after  a  brief  description  of  experimental  details,  are  given 
the  results  of  conductivity  measurements  with  aqueous  solutions  of  sul- 
phuric, phosphoric,  and  nitric  acids,  and  barium  hydroxide  at  various 
concentrations  at  temperatures  up  to  156°.  The  measurements  were  for 
the  most  part  made  at  18%  25\  50%  75%  100%  128%  and  156%  and  at  the 
concentrations  100,  50,  12.5,  2,  and  0.5  milli-normal.  Conductivity  meas- 
urements with  nitric  and  sulphuric  acids  at  the  still  higher  temperatures  of 
218**  and  306°,  and  with  hydrochloric  acid  at  260°  and  306°  were  also 
made,  and  these  are  included  with  the  others.  Some  results  with  sul- 
phuric acid  extending  up  to  218°  which  were  obtained  somewhat  earlier 
in  this  laboratory  by  Mr.  Yogoro  Kato  are  also  here  presented  in  con- 
junction with  our  own. 

Finally,  the  results  are  all  discussed  with  reference  to  the  ionization 
of  the  various  substances  and  the  equivalent  conductance  of  their  ions  at 
different  temperatures. 

89.    DESCRIPTION  OF  THE  APPARATUS  AND  METHOD. 

CONDUCTIVITY-VESSEL. 

The  conductivity  bomb  (No.  1)  employed  in  most  of  this  work,  was  the 
first  one  made  in  this  laboratory  as  described  in  Part  II  of  this  series.  It 
had  been  used  just  previously  by  Mr.  Yogoro  Kato  for  the  investigation 
described  in  Part  VI  and  for  his  measurements  with  sulphuric  acid  pre- 
sented below.  It  then  contained  an  open  cylindrical  platinum-iridium 
electrode  arranged  as  shown  in  figure  13,  Part  III ;  and  in  that  form  will 
be  designated  Cell  i  below.  For  our  experiments  this  electrode  was 
replaced  by  a  flat  platinum-iridium  electrode  placed  at  the  bottom  of  a 
quartz  cup,  1.45  cm.  in  height  and  1.40  cm.  in  diameter.  The  vessel  in  this 
form  will  be  called  Cell  ii.    For  some  of  our  later  measurements  another 
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bomb  (No.  3)  with  a  similar  electrode  was  used,  the  quartz  cup  in  which 
was  1.40  cm.  in  height  and  1.37  cm.  in  diameter.  This  will  be  called 
Cell  III. 

CONDUCTIVITY  MEASURING  APPARATUS  AND  INDUCTOR. 

A  slide-wire  bridge  of  the  roller  type,  described  by  Kohlrausch  and 
Holbom,  and  made  by  Hartmann  and  Braun,  was  used  to  measure  the 
conductance.  The  coils  were  of  manganine  and  of  1,  10,  100,  1,000,  and 
10,000  ohms  resistance.  Each  coil  was  compared  directly  in  the  Insti- 
tute's testing  laboratory  with  manganine  standards  having  the  Reichs- 
anstalt  seal  and  certificate.  The  slide-wire  was  calibrated  twice  by  the 
method  of  Strouhal  and  Barus.  The  corrections  both  to  the  coils  and  slide 
wire  agreed  within  the  experimental  error  with  the  results  of  Kate 
obtained  a  few  months  earlier. 

An  ordinary  interrupter  was  used.  The  minimum  sound  in  the  tele- 
phone was  very  good  except  for  the  most  dilute  and  most  concentrated 
solutions,  and  fairly  good  for  them. 

HEATERS. 

For  the  work  up  to  and  including  156"*,  a  liquid  bath  of  pseudocumene, 
heated  electrically  by  an  inside  and  outside  coil,  and  well  stirred,  was 
used.  Cooling  was  effected  by  running  tap  water  through  a  copper  coil 
immersed  in  the  bath.  The  temperature  was  regulated  by  the  observer,  by 
varying  the  current  through  the  coils.  It  could  be  held  at  a  desired  tem- 
perature within  the  negligible  variations  of  0.02°  at  18®  and  O.V  at  156°. 

For  the  temperatures  of  218"*,  260**,  and  306**  vapor  baths  of  boiling 
naphthalene,  isoamyl  benzoate,  and  benzophenone,  respectively,  were  used. 

THERMOMETERS. 

Up  to  and  including  100°,  mercury  thermometers  graduated  in  tenths 
of  a  degree  were  used.  Since  stem  exposure  could  not  always  be  avoided, 
they  were  calibrated  in  position  as  used  by  comparison  with  a  standard 
Baudin  thermometer,  having  a  Bureau  of  Standards'  certificate.  The  ice 
and  steam  readings  remained  substantially  constant  throughout  the  work. 
The  error  in  the  bath  temperature  could  hardly  have  exceeded  O.OI^**  at 
the  18°,  25°,  50°,  and  100°  points,  but  at  76°,  owing  to  the  necessity  for 
applying  a  large  stem-exposure  correction  to  the  standard  Baudin,  the 
error  may  have  been  as  much  as  0.06°.  The  temperatures  above  100° 
were  probably  determined  with  an  accuracy  of  0.2°  -  0.3°.  At  these  tem- 
peratures a  360°  Alvergniat  thermometer,  graduated  in  degrees,  was  used. 
The  ice,  steam,  naphthalene,  and  benzophenone  points  were  directly  deter- 
mined. Intermediate  corrections  were  computed  for  128°  and  156°  from 
the  bore  calibration,  allowing  for  deviations  of  the  mercury  from  the 
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gas  scale,  as  given  by  Crafts.*  The  correction  at  260°  was  determined 
by  comparison  with  a  platinum  resistance  thermometer  which  had  been 
standardized  in  this  laboratory  by  Mr.  R.  D.  Mailey.  The  values  used 
for  the  boiling  points  of  naphthalene  and  benzophenone  were  those  of 
Jacquerod  and  Wassmer;f  namely,  at  a  pressure  of  76  cm.  mercury, 
217.7**  for  the  former  substance  and  305.44**  for  the  latter. 

METHOD  OF  PROCEDURE. 

No  important  change  in  the  method  of  procedure  as  described  in  Part 
IV  was  made.  The  contents  of  the  bomb  were  always  well  shaken  within 
the  batli  by  rotating  the  bomb  several  times  before  and  between  the 
readings.  Constant  uniform  temperature  was  thus  quickly  obtained,  and 
any  contamination  in  the  quartz  cup  distributed  through  the  whole  solu- 
tion. In  the  measurements  up  to  156**  the  bomb  was  filled  from  a  pipette 
with  such  a  quantity  of  solution  that  the  vapor  space  at  156**  was  about 
7  c.cm.  In  those  extended  to  still  higher  temperatures  such  a  quantity 
of  solution  was  always  placed  in  the  bomb  as  sufficed  to  fill  it  within  2  or 
3  c.cm.  at  the  highest  temperature  of  the  experiment  in  question.  The 
solutions  were  always  placed  in  the  bomb  the  day  they  were  made  up 
from  the  stock  solution. 

Only  after  the  temperature  of  the  bath  had  remained  constant  for  at 
least  15  minutes  were  final  bridge-readings  taken;  then  at  five  minute 
intervals,  double  settings  (reversing  the  commutator)  were  made  with 
each  of  three  different  resistances  in  the  box.  Before  introducing  the 
most  dilute  solution  of  any  substance,  the  bomb  was  first  soaked  out  by 
heating  with  conductivity  water  or  the  solution  itself  to  218°  or  306"*. 
The  solutions  successively  introduced  into  the  bomb  were  then  always  of 
increasing  conductance.  Washing  with  alcohol  and  ether  was  avoided 
as  far  as  possible,  as  their  use  seemed  to  be  always  followed  by  greater 
differences  than  usual  between  the  initial  and  final  18**  conductances. 

90.    PREPARATION  OF  THE  SUBSTANCES  AND  SOLUTIONS. 

The  potassium  chloride  used  for  determining  the  conductance-capacity 
of  the  bomb  was  made  from  J.  T.  Baker's  "Analyzed  C.  P."  salt,  said 
to  contain  only  "traces"  of  magnesiimi  and  of  sodium  chlorides.  This 
was  precipitated  from  solution  with  hydrochloric  acid  and  then  showed 
no  flame  test  for  sodium.    This  precipitated  salt  was  washed  with  hydro- 

*Ain.  Chem.  J.,  5,  307-338  (1883-84).  A  check  on  these  corrections  was  obtained 
by  comparing  the  correction  at  218®  computed  from  the  bore  calibration  and  the 
steam  and  benzophenone  determinations,  with  the  actually  observed  correction  in 
the  naphthalene  bath.  The  results  a^eed  within  0.1**.  A  further  check  was 
obtained  some  months  later  by  comparison  with  a  certified  German  thermometer 
divided  in  tenths,  between  100®  and  200®,  the  greatest  discrepancy  being  0.2®. 

tj.  diim.  phys.,  2,  72  (1904). 
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chloric  acid,  dried,  dissolved  in  boiling  water,  and  crystallized  at  5^. 
The  crystals  were  washed  and  dried.  A  second  sample  was  obtained  by 
adding  hydrochloric  acid  to  the  mother  liquor  from  these  crystals.  No 
difference  was  noticed  in  the  conductances  of  these  two  lots.  In  makings 
standard  solutions  this  substance  was  freshly  ignited  almost  to  the  fusing 
point,  weighed  out,  and  dissolved  in  a  graduated  flask. 

Sodium  chloride  was  also  used  for  determining  the  conductance-capac- 
ity. This  was  purified  by  twice  precipitating  Kahlbaum's  "chemically 
pure"  product  with  hydrochloric  acid.  The  final  precipitate  was  dried 
and  gently  ignited. 

The  stock  sulphuric  acid  solution  used  for  all  the  measurements  was  a 
fifth-normal  one  prepared  by  Mr.  Y.  Kato  on  August  10,  1906,  by  dilut- 
ing with  conductivity  water  a  sample  of  the  "strictly  chemically  pure 
sulphuric  acid"  furnished  by  Baker  and  Adamson.  The  concentrated 
acid  (usually  10  ccm.  portions)  was  tested  by  him  for  arsenic  with  hydro- 
gen sulphide,  for  nitric  acid  with  diphenylamine,  for  nitrous  acid  with 
starch  and  potassium  iodide,  for  hydrochloric  acid  with  silver  nitrate,  for 
selenium  with  ferrous  sulphate,  and  for  ammonia  with  Nessler  solution. 
None  of  these  impurities  was  present  in  appreciable  quantity,  if  at  all. 
The  concentration  of  the  solution  was  determined  on  August  11-16,  1905, 
both  by  precipitating  and  weighing  the  acid  as  BaS04  and  by  titration 
with  phenolphthalein  against  a  hydrochloric  acid  solution  previously 
standardized  by  weighing  the  AgQ  yielded  by  it.  The  sulphuric  acid 
was  restandardized  on  December  9,  1905,  against  an  ignited  sample  of 
sodium  carbonate  furnished  with  an  analysis  showing  substantial  purity 
by  J.  T.  Baker.*  To  the  solution  of  a  known  weight  of  the  carbonate, 
a  slight  excess  of  the  stock  sulphuric  acid  was  added,  the  solution  boiled 
for  ten  minutes  and  then  titrated  with  0.01  normal  potassium  hydroxide 
with  the  help  of  phenolphthalein  as  an  indicator. 

We  are  indebted  to  Mr.  G.  A.  Abbott  for  the  preparation  and  analysis 
of  the  stock  solution  of  phosphoric  acid  which  was  used  in  this  part  of  the 
investigation.  This  sample  of  acid  was  prepared  by  Mr.  Abbott  by  direct 
oxidation  of  yellow  phosphorus.  The  method  is  summarized  as  follows : 
Carefully  selected  clean  pieces  were  heated  in  a  retort  with  nitric  acid 
(sp.  gr.  1.20).  After  the  phosphorus  had  disappeared  the  contents  of 
the  retort  were  evaporated  in  small  portions  with  addition  of  enough  nitric 
acid  to  insure  complete  oxidation  of  any  phosphorous  acid  until  the  white 

♦The  BaSO«  determinations  gave  for  the  concentration,  expressed  in  millimols 
HiSO*  in  a  kilogram  of  solution,  110.54,  110.51,  and  110.52,  from  which  by  correcting 
the  weighings  to  vacuo,  the  value  110.43  results.  The  atomic  weights  used  were 
0  =  16.00,  Ba  =  137.4,  S  =  32.06,  and  H  =  1.01.  By  the  titration  against  the  hydro- 
chloric acid  the  value  110.70  was  obtained;  and  from  that  against  sodium  carbonate 
110.71  resulted.    The  mean  110.61  was  adopted. 
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fumes  of  metaphosphoric  acid  appeared.  The  cooled  residue  was  taken 
up  in  conductivity  water  and  saturated  with  hydrogen  sulphide,  in  order 
to  precipitate  possible  traces  of  arsenic  or  platinum.  The  metaphosphoric 
acid  solution  thus  obtained  was  converted  to  the  ortho  acid  by  boiling  in  a 
platinum  dish  for  three  hours.  That  the  conversion  in  this  solution  was 
complete  was  shown  by  the  fact  that  the  conductance  of  the  diluter  solu- 
tions prepared  from  it  was  not  changed  by  heating  to  156®. 

The  solution  received  January  17,  1906,  from  Mr.  Abbott  was  part 
of  a  stock  solution  which  he  had  analyzed  gravimetrically  by  precipita- 
ting the  phosphoric  acid  with  magnesium  ammonium  chloride  and  weigh- 
ing as  magnesium  pyrophosphate.  The  five  analyses  made  by  him  gave 
as  a  mean  value  20.0866  grams  of  H3PO4  per  kilogram  of  solution. 
Assuming  1  mol  H3PO4  =  98.02  grams,  the  concentration  of  this  solu- 
tion becomes  0.2049  mols  per  kilogram  of  solution. 

The  nitric  acid  solution  was  made  by  diluting  a  portion  of  "C.  P. 
nitric  acid,"  of  specific  gravity  1.42,  taken  from  a  newly  opened  carboy, 
with  half  as  much  water,  bubbling  through  it  for  one  day  a  current  of 
carefully  purified  air,  so  as  to  remove  nitrous  acid,  and  finally  diluting 
with  enough  conductivity  water  to  give  a  very  nearly  0.1  normal  solution. 
The  stronger  solution  was  tested  for  nitrous,*  sulphuric  and  hydrochloric 
acids,  for  ammonium  salts  (with  Nessler  reagent),  and  for  non- volatile 
residue.  None  of  these  impurities  were  present  in  quantity  as  large  as  0.01 
per  cent  of  the  nitric  acid  present.  The  acid  was  standardized  by  compari- 
son with  the  sulphuric  acid  solution  just  described  through  a  0.1  normal 
soditmi  hydroxide  solution,  and  also  directly  against  sodium  carbonate. 
Its  concentration  was  thus  found  to  be  99.70  and  99.87  (mean  99.78) 
milli-equivalents  per  kilogram  of  solution. 

The  barium  hydroxide  used  for  preparing  the  stock  solution  of  this 
substance  was  purified  by  twice  crystallizing  from  hot  water  in  procelain 
vessels  a  "chemically  pure"  preparation  of  Merck's.  The  crystals  so 
obtained  were  dissolved  in  hot  conductivity  water,  the  solution  filtered 
immediately  out  of  contact  with  ordinary  air,  the  filtrate  allowed  to  run 
into  about  three  liters  of  water  of  specific  conductance  0.6  X  lO'*  con- 
tained in  a  "Non-Sol"  bottle  (furnished  by  Whitall,  Tatum  &  Co.). 
After  standing  for  24  hours,  this  solution,  from  which  crystals  separated 
on  cooling,  was  forced  over  into  a  second  "Non-Sol"  bottle  containing 
enough  more  conductivity  water  to  dilute  it  to  about  0.2  normal.  The 
final  solution  was  perfectly  clear  and  remained  so. 

*The  test  for  nitrous  acid  was  made  by  addin^^  to  1  c.cm.  of  the  stronger  solution 
100  c.cm.  water,  10  ccm.  of  an  acetic  acid  solution  of  sulphanilic  acid,  and  10  ccm. 
of  a  solution  of  naphthylamine  acetate,  and  allowing  the  mixture  to  stand.  For  com- 
parison a  minute  quantity  of  nitrite  was  added  in  a  duplicate  test  The  result 
showed  that,  while  one  part  of  nitrous  acid  in  a  million  could  be  detected,  less  than 
this  was  present  in  the  strong  nitric  acid. 
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This  solution  was  tested  for  chloride,  and  the  original  substance  was 
tested  for  nitrate,*  with  negative  results.  That  it  contained  no  import- 
ant quantity  of  non-volatile  impurities  was  shown  by  precipitating  the 
barium  by  running  the  solution  into  an  excess  of  the  stock  sulphuric 
solution,  allowing  it  to  stand,  filtering,  and  evaporating  the  filtrate  first 
in  a  porcelain  beaker  and  finally  in  a  weighed  platinum  dish.  The  residue 
so  obtained  from  100  c.cm.  of  the  cold-saturated  barium  hydroxide  solu- 
tion weighed  6.6  milligrams,  of  which  only  one  milligram  was  shown  to 
be  silica  by  treatment  with  hydrofluoric  acid.  Some  of  the  remainder 
was  doubtless  unprecipitated  barium  sulphate;  but  even  if  the  whole  of 
it  had  been  an  impurity  in  the  barium  hydroxide,  it  would  not  amount  to 
more  than  0.1  per  cent. 

A  more  conclusive  test  of  purity  of  both  the  barium  hydroxide  and 
sulphuric  acid  was  obtained  as  follows :  118.77  grams  of  the  stock  barium 
hydroxide  solution  were  run  into  113.38  grams  of  the  stock  sulphuric 
acid  solution,  previously  heated  to  boiling.  This  should  have  left, 
according  to  computation,  a  slight  excess  of  acid  in  the  clear  filtrate. 
The  specific  conductance  of  this  filtrate  was  measured,  and  it  was  com- 
puted therefrom  that  assuming  only  sulphuric  acid  to  be  present  an  excess 
of  0.39  grams  of  its  solution  must  have  been  added.  Titration  with 
0.01  normal  sodium  hydroxide  showed  almost  exactly  the  same  quantity 
(0.42  grams),  indicating  that  not  enough  impurity  was  present  to  aflFect 
appreciably  the  measured  conductance. 

This  last  experiment  evidently  gives  also  a  means  of  comparing  the 
stock  solution  of  barium  hydroxide  with  that  of  sulphuric  acid,  and 
thus  tying  together  the  whole  series  of  values.  The  concentration  of  the 
barium  hydroxide,  so  computed,  is  0.17  per  cent  less  than  the  adopted 
value,  a  difference  not  greater  than  the  discrepancies  in  the  analyses  by 
independent  methods  of  the  same  solution. 

The  concentration  of  the  stock  solution  of  barium  hydroxide  was  found 
on  March  20,  1906,  by  means  of  three  titrations  against  the  stock  nitric 
acid,  using  phenolphthalein  as  indicator,  to  be  210.83  milli-equivalents  per 
kilogram  of  solution. 

The  stock  solution  of  hydrochloric  acid  was  made  by  bubbling  the 
gas  produced  by  the  action  of  pure  sulphuric  acid  on  pure  sodium  chlo- 
ride through  a  little  water  and  then  absorbing  it  in  conductivity  water. 
It  was  standardized  against  the  barium  hydroxide  solution  and  found  to 
contain  114.42  millimols  HCl  per  kilogram  of  solution.  Its  conductance 
at  18**  agreed  closely  with  the  values  obtained  by  Goodwin  and  Haskell.f 

♦In  making  this  test,  about  1  pram  was  dissolved  in  acetic  acid,  and  a  drop  of  indigo 
solution  and  several  cubic  centimeters  of  sulphuric  acid  (1.84  sp.  gr.)  were  added. 
The  blue  color  remained,  whereas  when  one  drop  of  a  0.1  normal  nitric  acid  was 
added,  the  solution  was  decolorized  at  once. 

tProc.  Am.  Acad.,  40,  413  (1904).    Phys.  Rev.,  19,  386  (1904). 
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91.    DISCUSSION  OF  ERRORS  AND  CORRECTIONS. 

The  errors  inherent  in  the  use  of  the  conductivity  bomb  and  the  correc- 
tions for  them  are  fully  discussed  in  section  10,  Part  II.  A  few  additional 
words  in  regard  to  the  relation  of  them  to  the  present  work  will  suffice. 

In  the  earlier  experiments  with  sulphuric  acid  made  by  Mr.  Yogoro 
Kato  the  bomb  was  always  charged  so  as  to  have  only  from  1  to  S 
c.cm.  vapor-space  at  218"*  and  no  correction  for  this  was  applied  at  any 
temperature.  The  air  pressure  in  the  bomb  was  in  all  cases  reduced  to 
3  or  4  cm.  before  the  first  measurement  at  18^.  The  bomb  was  usually 
removed  and  shaken  by  hand  at  each  temperature  before  the  measurement 
was  made,  as  the  rotating  carriage  had  not  at  that  time  been  introduced. 
At  218**  with  the  0.0005  normal  solution  a  considerable  increase  of  con- 
ductance always  took  place  within  one  or  two  minutes  after  the  current  was 
passed,  but  after  this  time  no  further  change  took  place  even  in  15 
minutes.  The  constant  values  resulting  after  the  passage  of  the  current 
for  2  minutes  or  so  are  those  given  below  in  the  table.  This  increase  is 
perhaps  due  to  the  throwing  out  of  adsorbed  substance  from  the  elec- 
trodes. With  the  0.002  normal  solution  the  effect  was  less  regular  and 
far  less  pronounced. 

In  our  own  experiments,  the  air  was  removed  from  the  bomb  only  in 
those  extending  to  218°  or  above,  since  its  pressure  at  the  lower  tempera- 
tures could  not  have  a  considerable  effect. 

The  correction  for  solvent  in  the  vapor  space  was  neglected  below 
218°,  as  computation  showed  that  under  the  prevailing  conditions  the  cor- 
rection was  less  than  0.02  per  cent  even  at  156°,  where  the  vapor  space 
measured  about  7  c.cm.;  nor  was  this  correction  applied  at  306°,  since 
the  vapor  space  amounted  to  only  2  to  3  c.cm.  and  since  the  specific  volume 
data  used  are  affected  by  a  corresponding  error,  which  at  any  rate  par- 
tially eliminates  the  effect  of  the  vaporization  of  the  solvent  on  the  values 
of  the  equivalent  conductance,  as  mentioned  in  section  10,  Part  II.  At 
218°  whenever  the  vapor-space  exceeded  2  to  3  ccm.  this  correction  was 
made  as  there  described.  In  the  case  of  hydrochloric  acid  at  260°  the 
correction  for  vaporization  of  the  solvent  was  combined  with  that  for  the 
solute  and  was  computed  upon  the  basis  of  a  direct  experiment,  which 
will  be  now  described. 

An  estimate  of  the  extent  to  which  the  solute  volatilized  was  obtained 
in  the  cases  of  nitric  acid  at  218"  and  of  hydrochloric  acid  at  260°  by 
c(Mnparative  experiments  in  which  the  bomb  was  charged  with  very  dif- 
ferent quantities  of  solution  so  that  the  vapor-space  varied  considerably ; 
the  difference  in  conductance  was  thus  found  in  the  case  of  nitric  acid 
at  218°  to  correspond  to  that  which  would  have  resulted  from  the  vola- 
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tilization  of  the  solvent  alone.  In  the  case  of  hydrochloric  acid  at  260**, 
the  observed  change  in  conductance  was  only  about  three-fourths  of  that 
which  would  have  resulted  from  the  volatilization  of  the  solvent  alone, 
a  fact  which  indicated  some  volatilization  of  the  solute.*  This  was 
allowed  for  in  all  the  experiments  with  hydrochloric  acid  at  260**  by 
diminishing  the  calculated  correction  for  solvent-vaporization  by  one- 
fourth. 

No  correction  for  conductance  of  the  water  was  applied,  except  in  the 
case  of  the  neutral  salts  used  in  determining  the  conductance-capacity. 
Unusually  good  water  was  used  for  the  very  dilute  solutions,  the  measured 
specific  conductance  just  before  mixing  being  almost  always  below  0.5  X 
10"*,  and  in  some  cases  as  low  as  0.3  X  10~*. 

The  final  values  of  the  conductance  were  corrected  for  contamination 
wherever  the  difference  between  the  initial  and  final  18**  values  exceeded 
0.25  per  cent,  by  the  arbitrary  rule  that  the  conductance  at  the  highest 
temperature  of  the  experiment  be  increased  by  two-thirds  of  the  percen- 
tage change  observed  at  18°,  and  at  the  next  lower  temperature  by  one- 
fourth  of  that  percentage  change.  No  such  correction  was  applied  to  the 
results  with  hydrochloric  acid,  since  there  seemed  to  be  no  variation  at 
the  higher  temperatures  corresponding  to  that  at  18®. 

The  expansion  of  all  the  solutions  on  heating  was  assumed  to  be  the 
same  as  that  of  pure  water  and  the  change  in  concentration  was  calcu- 
lated by  dividing  the  concentration  at  4°  by  the  specific  volume  of  pure 
water  at  the  temperature  in  question. f 

*The  data  upon  which  this  conclusion  is  based  are  as  follows: 


Solate. 

Concentra- 
tion at  18^. 

Grams  of 

tolation  in 

bomb. 

Tempera* 
tare  of  meas- 
urement (f). 

Volame  of 

Tapor-space 

at/^ 

Conductance 
at/° 

HCI 

100 
100 

96.9 
56.6 

84.7 
102.5 

259.8 
269.8 

217.8 
218.2 

2 
68 

24 

2 

6.057 
6,158 

58,070 
67.870 

"^' 

HNO» 

The  concentrations  were  only  approximately  those  given  in  the  table.  The  specific 
volume  of  the  saturated  vapor  was  taken  as  85  at  218°  and  39  at  260®  upon  the  basis 
of  the  estimates  referred  to  in  section  34,  Part  IV. 

tFor  the  specific  volume  the  following  values  were  used: 


18° 1.0014 

25° 1.0029 

50° 1.0119 

75° 1.0257 

The  values  at  128°  and  156* 


100° 1.0431 

128° 1.0685 

156° 1.0980 


260° 1.277 

306° 1.433 


218° 1.1862 

are  derived  by  graphic  interpolation  from  Him's 
values  [Ann.  chim.  phys.  (4),  10,  32  (1867)]  after  correcting  tiiem  to  the  pressures 
of  saturated  vapor  by  means  of  the  compression-coefficient  of  water,  obtained  by 
extrapolating  from  the  data  of  Pagliani  &  Vincentini  given  in  the  Landolt-Bomstein- 
Meyerhoffer  Tabcllen.  The  values  at  218°  and  306"  arc  those  experimentally  deter- 
mind  by  Noyes  &  Coolidge;  that  at  260°  was  obtained  by  graphic  interpolation. 


Section  Q2. — Conductance-Capacity  of  the  Bomb. 
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92.    CONDUCTANCE-CAPACITY  OF  THE  BOMB. 

The  conductance-capacity  of  the  bomb  at  18®  (t.  e.  the  factor  by  which 
the  observed  conductance  must  be  multiplied  to  give  the  specific  conduct- 
ance) was  determined  with  known  solutions  of  sodium  and  potassium 
chlorides.  The  values  adopted  for  the  equivalent  conductances  of  these 
salts  are  those  given  by  Kohlrausch.* 

Table  93  gives  the  actual  conductances  in  the  bomb  of  the  various  solu- 
tions, diminished  by  the  conductance  of  the  water,  as  determined  from  a 
measurement  made  just  before  mixing.  Separate  fresh  solutions  were 
used  in  each  case.  The  conductances  are  given  in  reciprocal  ohms,  the 
concentrations  in  milli-equivalents  per  liter  of  solution. 

Table  93. — Conductance-capacity. — Data  and  final  values. 


Date. 

Cell 
No. 

Salt. 

Concentra- 
tion at  18°. 

CondttCt- 
anccXlO*. 

Condttctancc-capacity. 

Separate 
ralnei. 

Final  ralnes. 

1905 

Aug.     17...  a 

Aug.  17.... 

I 

KCl.. 
NaCl. 

10.00 
10.00 

♦8,195 
•6,829 

0.14939 
0.14929 

0.14934 

Aug.  29.... 
Aug.  29... 

!■' 

KCl.. 
NaCl. 

10.00 
10.00 

♦8.201 
6,834 

0.14928 
0.14918 

1  0.14923 

Nov.  20.... 
Nov.  21.... 

Nov.  25 

Nov.  28.... 

II    • 

KCl.  a 
KCla. 

KCl.. 

NaCl. 

19.963 
9.982 
99.87 
99.88 

1,968.4 
1.003.1 
9,184 
7,539 

1.2164 
1.2183 
1.2183 
1.2192 

> 

'  1.2181 

1 

1906 
Feb.    3 

Bftar.         7a  a  .  . 

Mar.    8.... 

II 

> 

KCl.. 
NaCl. 
NaCl. 

99.98 

10.006 

19.986 

9,192 

838.1 
1,634.6 

1.2186 
1.2172 
1.2180 

• 

1.2179 

Mar.  24 

Mar.  26. . . . 
Apr.     3.... 
Apr.     9 

• 
•II   < 

NaCl. 
NaCl. 
NaCl. 

KCla. 

49.91 
100.00 
100.03 

10.002 

3,916.9 
7,545 
7,552 
1.004.6 

1.2197 
1.2197 
1.2189 
1.2190 

^  1.2193 

July  10 — 
July  24.... 
July  31.... 

}■„{ 

NaCl. 
KCl.. 
KCl.. 

100.00 
50.01 
20.015 

6,836 
4,294a5 

1,777.8 

1.3461 
1.3485 
1.3506 

1.3484 

Sept  17 — 
Sept  28 

III 

KCl.. 
KCl.. 

19.958 
10.002 

1,774.2 
908.6 

1.3495 
1.3477 

i  1.3486 

*Mean  of  two  almost  completely  concordant  experiments. 

The  results  dated  August,  1905,  are  those  of  Mr.  Kato.  The  first  of 
his  final  values  was  used  in  connection  with  his  conductance  data  obtained 
up  to  August  26  inclusive.  The  second  mean  value  was  used  with  all 
his  later  data  —  those  obtained  from  August  31  to  September  16. 

In  computing  the  conductance  from  our  measurements  made  prior  to 
March  20,  1906,  the  value  (1.2181)  for  the  conductance-capacity  obtained 


*Kdnigl.  preuss.  Akad..  1900,  2,  1002-1008. 
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from  the  first  four  determinations  made  in  November,  1905,  was  used. 
This  will  be  seen  to  be  substantially  identical  with  that  obtained  in  Feb- 
ruary and  March,  1906.  In  connection  with  the  data  on  barium  hydroxide 
(obtained  between  March  28  and  April  4,  1906)  the  slightly  higher  value 
(1.2193)  was  used,  which  was  derived  from  the  four  determinations 
made  during  the  work  on  this  substance.  In  connection  with  the  data 
obtained  after  July  10,  1906,  for  which  another  bomb  was  used,  the  last 
value  of  the  conductance-capacity  given  in  the  table  was  used. 

The  variation  of  the  conductance-capacity  with  the  temperature  was 
computed,  as  described  in  section  36,  Part  IV,  from  the  dimensions  of 
the  quartz  cup  used.* 

93.    THE  CONDUCTIVITY  DATA. 

Tables  94  to  100  contain  the  conductivity  data  for  all  the  solutions.  The 
measurements  dated  August  and  September,  1906,  were  made  by  Mr. 
Y.  Kato,  while  all  the  later  ones  are  our  own. 

The  first  column  gives  the  date;  the  second,  the  concentration  at  4** 
in  milli-equivalents  per  literf  referred  to  the  equivalent  weight  of  oxygen 
taken  as  8.00  and  the  weights  being  reduced  to  vacuo ;  the  third,  the  tem- 
perature of  the  measurement  expressed  on  the  hydrogen-gas  scale;  the 
fourth,  the  concentration  at  that  temperature  calculated  as  described  in 
section  91 ;  the  fifth,  the  measured  conductance  in  reciprocal  ohms,  cor- 
rections having  been  applied  for  the  errors  in  the  slide-wire,  resistance- 
coils,  and  leads,  but  not  for  the  impurities  in  the  water;  the  sixth,  the 
equivalent  (or  molal)  conductance  calculated  from  the  conductance  given 
in  the  fifth  column,  the  concentration  given  in  the  fourth  column,  and  the 
value  of  the  conductance-capacity  appropriate  at  that  date,  as  given  in 
section  92,  the  last  being  corrected  to  the  temperature  of  the  measurement. 

"^This  had  an  effective  inside  height  of  1.45  cm.  in  Cell  11  and  of  1.40  cm.  in  Cell 
ui  and  an  inside  diameter  of  1.40  cm.  in  Cell  11  and  of  1.37  cm.  in  Cell  in.  The 
percentage  corrections  applied  to  the  18®  value  of  the  conductance-capacity  were 
the  same  for  the  two  cells  and  at  the  different  temperatures  were  as  follows : 

50°     75®     100°     128°     156°     218°     260°     306° 
—  0.06  —0.11  —0.18  —0.21  —0.27  —0.41  —0.62  —0.83 

tExcept  in  the  cases  of  phosphoric  acid  and  potassium  hydrogen  sulphate,  where 
the  concentration  is  expressed  in  milli-formula-weights  per  liter  at  4**. 
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Table  94,^-Conductivity  data  for  sulphuric  acid  up  to  218*, 

[Results  of  Y.  Kmto.] 


Date. 

Concentra- 

Temperatare 

Concentra- 

Condactance 

Equiralent 

tion  at  4°. 

/«>. 

tion  at  t^. 

X  !()•. 

conductance. 

1905 

Aug.    23 

11.748 

18.00 

11.733 

23,660 

301.2 

155.9 

10.707 

34,460 

479.9 

217.4 

9.913 

35,790 

537.9 

18.00 

11.733 

23,920 

304.5 

Aug.    24 

11.762 

18.00 

11.747 

23,810 

302.8 

99.83 

11.279 

33,040 

437.1 

155.9 

10.720 

34,300 

477.2 

217.5 

9.924 

35,560 

533.9 

18.00 

11.747 

24,020 

305.4 

Sept   14 

11.643 

18.00 

11.627 

23.720 

304.5 

100.20 

11.161 

32,970 

440.3 

157.6 

10.592 

34,150 

480.3 

217.9 

9.818 

35^220 

533.9 

18.00 

11.627 

23,720 

304.5 

Sept  15 

11.945 

18.00 

11.927 

24,140 

301.9 

100.30 

11.447 

33,730 

439.2 

157.9 

10.865 

35,000 

480.7 

218.0 

10.070 

36,140 

534.1 

158.4 

10.860 

35,220 

483.1 

100.30 

11.447 

33,750 

439.5 

18.00 

11.927 

24,230 

303.1 

Sept  16 

11.945 

18.00 

11.927 

24,240 

303.8 

100.20 

11.447 

33,760 

440.6 

18.00 

11.927 

24,240 

303.8 

Sept  16 

11.901 

18.00 

11.886 

24,180 

303.6 

100.11 

11.408 

33,650 

439.6 

158.0 

10.830 

34,940 

480.6 

217.6 

10.039 

36,140 

535.7 

18.00 

11.886 

24,180 

303.5 

Sept     9 

.      2.050 

18.00 

2.047 

4,864 

354.5 

217.8 

1.7287 

6,569 

565.6 

18.00 

2.047 

4,866 

354.6 

Sept  10 

2.050 

18.00 

2.047 

4,864 

354.5 

217.8 

1.7287 

6,542 

563.3 

18.00 

2.047 

4,866 

354.6 

Sept  11 

0.5052 

18.00 

0.5046 

1,265.4 

374.1 

100.06 

0.4844 

2,317 

713.0 

156.4 

0.4600 

2,022 

654.6 

217.5 

0.4262 

1,683.3 

587.8 

18.00 

0.5046 

1,265.4 

374.1 

Sept  12 

0.5670 

18.00 

0.5663 

1,409.4 

371.5 

99.80 

0.5436 

2,552 

699.9 

156.3 

0.5165 

2,222 

640.7 

217.4 

0.4785 

1,877.6 

584.0 

156.5 

0.5165 

2,228 

642.4 

99.81 

0.5436 

2,560 

702.0 

18.00 

0.5663 

1,409.9 

371.6 

Sept  13 

0.6238 

18.00 

0.5232 

1,307.5 

372.9 

99.82 

0.5022 

2,392 

709.9 

156.5 

0.4772 

2,066 

651.1 

217.1 

0.4419 

1,749.2 

589.0 

18.00 

0.5232 

1,309.9 

373.6 

Aug.    25 

1.9924 

156.3 

1.8149 

6,590 

541.4 

217.5 

1.6809 

6,337 

561.7 
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Tabu  9i.—CoHduetivity  data  for  nUfhwrie  add  uf  to  //<*— Continued. 
IRcmdtt  of  Y.  Kmto.] 


^^ 

liOBX*". 

..*•'. 

<io<iu(°. 

XlO«. 

■ailnWM 

1909 
Anff.  20 

Ang.  31 

Sept.     1 

Sept     6 

Sept     7 

2.(B3 
3.047 
8.107 

S.OQ] 
a. 075 

1S6.5 
B17.3 
18.00 
»9.88 
18.00 
100.14 
156.0 
217.5 
18.00 

18.00 
217. 2 
156.0 
18.00 
18.00 
99.65 
156.S 
217.7 
156.4 
100.05 
18.00 

l.SSOO 
1.7148 
2.044 
1.9630 
2.104 
2.020 
1.9195 
1.7778 
2.104 
2.089 
1.7642 
1.9051 
2.089 
2.072 
1.BB94 
1.8902 
1.7499 
1.8902 
1.9891 
2.072 

6,758 
6.635 
4,838 
7,545 
4.992 
7.751 
6,954 
6.710 
5,009 
4,965 
6,667 
6,932 
4,960 
4.868 
7,951 
6,904 
6.766 
6.920 
7,675 
4.926 

543.6 
567.7 
352.9 
573.0 
353.9 
572. 1 
539.6 
561.9 
355.1 
354.0 
562. S 
E41.9 
354.3 
3S0.G 
573.3 
544.0 
575.5 
545.2 
S75.2 
354.7 

Tabu  9S. — Additional  eomluetivily  data  for  iulphur 

I  Reaulti  -0  f  fioyn  A  ftttnun. 


.14". 

f. 

X10». 

l4lllTll»t 

Due. 

ufi. 

1903 

Dec.  14 

99.98 

18.00 

99.84 

191130 

233. S 

23.00 

99.69 

251.5 

BO.OO 

98.81 

24.400 

300.6 

75.00 

97.48 

27,000 

337.0 

100.00 

93.85 

29,130 

369.6 

128.0 

93.37 

31,220 

405.6 

1                              156.0 

91.09 

32,780 

437.2 

18.00 

99.84 

19,140 

233.6 

1906                 1 

Jul     S ;    100.08              18.00 

99.94 

19,130 

833.8 

25.00 

99.79 

20^580 

251.8 

1903                1 

Dec.  18 '      50.06               18.00 

40.99 

10,405 

253.5 

25.00 

49.92 

11,196 

273.1 

50.00 

49.48 

13,163 

323.9 

75.00 

48.81 

14,316 

356.9 

100.00 

48.00 

15,214 

385.3 

128.0 

46.86 

16,129 

418.4 

155.9 

45.60 

16,886 

449.8 

1                                 18.00 

49.99 

10,399 

253.4 

1900 

Jan.     3 

IS. 503               IS.  00 

12.485 

3,092 

301.7 

25.00 

12.467 

3,355 

327.7 

50.00 

12.366 

3,996 

3B3.7 

75.00 

12.189 

4.241 

423.4 

1       100.00 

11.98S 

4,307 

437.0 

1       128.0 

11.701 

4.371 

454.0 

136.0 

11.387 

4,475 

477.4 

18.00 

13.485 

3.093 

301.7 
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Table  9y—AdditioMal  conductivity  data  for  sulphmric  add — Continued. 

[ReralU  of  NoT«  «  E 


D... 

K<is)nl«ii 

.I**.      I       »". 

Hf. 

XlOi. 

coRdicMnce, 

1900 

1 

Jan.     1 

2.0012     '        18.00 

1.9984 

580.3 

353.7 

29.00 

1.9954 

640.5 

390.9 

SO.OO 

1.9777 

81S.3 

501.9 

7S.O0 

1.9511 

902.7 

5S3.0 

100.00 

I. 0186 

906.7 

574.8 

128.0 

1.8730 

859.3 

557.7 

1S6.0 

J.8236 

813.7 

512.3 

IB. DO 

1.0984 

580.5 

353.8 

IWU 

Dec.  Jfl 

0.4992             18.00 

0.4985 

152.0 

371.4 

25.00 

0.4977 

168.8 

413.1 

50.00 

0.4933 

224.1 

652.9 

7S.00 

0.4807 

203.0 

657.5 

100.00 

0.4785 

278.9 

708.9 

128.0 

0.4672 

270.2 

703.0 

156.0 

0.4546 

245.3 

655.1 

18.00 

0.4985 

152.7 

373.1 

Dec.   21 

0.S006 

18.00 

0.4998 

152.7 

372.1 

25.00 

0.4991 

109.8 

414.4 

50.00 

0.4946 

2SS.2 

S54.4 

75.00 

0.4880 

264.3 

659.1 

100.00 

0.4798 

280.5 

711.0 

128.0 

0.4684 

271.7 

704.9 

150.0 

0.4658 

246.7 

657.4 

18.00 

0.4998 

1S2.9 

372.7 

IMM              { 

Jin.    10. 1        0.1BS3 

IB.OO 

0.1980 

61.04 

375.6 

25.00 

0.1077 

68.05 

410.2 

50.00 

0.1059 

01.40 

967.8 

75.00 

0.1933 

110.33 

694.6 

100.00 

0.1901 

122.64 

784.6 

U8.1 

0.1SS6 

124.78 

817.4 

ISS.O 

0.1B06 

lia.2S 

775.1 

18.00 

0.1080 

81.93 

378.5 

Jan.    3S. '.        0.2013 

18.00 

0.2010 

81.73 

374.0 

' 

SS.OO 

0.2007 

68.87 

417.8 

50.00 

0.1990 

92.56 

566.3 

75.00 

0.1063 

m.oi 

693.8 

1 

100.00 

0.1930 

124.39 

783.6 

188.1 

0.1884 

126.87 

818.5 

150.0 

0.1834 

117.20 

777.1 

18.00 

0.2010 

62.80 

380.5 

Jan.   18. O.IWO 

18.00 

0.1986 

SI.  15 

375.0 

100.00 

0.1907 

1S2.40 

780.7 

138.4 

0.1861 

124.22 

811.4 

165.9 

0.1812 

114.67 

768. 9 

18.00 

0.1986 

61.00 

374.1 

Oct  80. 

2.647 

18.00 

2.643 

683.9 

348.7 

304.3 

1.SS3 

882.3 

638.1 

18.00 

2.643 

682.5 

348.3 

Ang.  B6. 

114.87 

18.00 

114.51 

10,501 

220.6 

218.0 

97.01 

34,004 

483.3 

303.2 

80.62 

28,400 

473.6 

18.00 

114.51 

19^7 

22B.0 

^5^ 
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Table  96. — Conductivity  data  for  phosphoric  add. 


Dale. 

ConccDtridon 

Temperature 

Concentration 

Condnctince 

MolAl 

tt4°. 

/°. 

at/o. 

X10«. 

coadnctance. 

1906 

Feb.     7 

0.22663 

18.00 

0.2263 

61.30 

329.9 

25.00 

0.2260 

67.94 

366.1 

50.14 

0.2240 

90.47 

491.8 

75.00 

0.2210 

108.53 

597.7 

100.00 

0.2173 

122.40 

685.1 

128.0 

0.2121 

132.36 

758.5 

156.0 

0.2064 

136.22 

801.8 

18.00 

0.2263 

61.38 

330.4 

Jan.   22 

1.9989 

18.00 

1.9961 

463.9 

283.1 

25.00 

1.9931 

510.6 

312.0 

50.14 

1.9753 

651.9 

401.8 

75.00 

1.9488 

745.8 

465.7 

100.00 

1.9163 

792.6 

503.0 

128.1 

1.8706 

795.2 

516.7 

156.1 

1.8203 

753.6 

502.9 

18.00 

1.9961 

463.5 

282.9 

Jan.   24 

2.0003 

18.00 

1.9974 

464.5 

283.3 

25.00 

1.9945 

511.1 

312.1 

50.14 

1.9767 

652.8 

402.O 

75.00 

1.9502 

747.0 

466.1 

100.00 

1.9176 

793.7 

503.3 

128.0 

1.8721 

796.5 

517.2 

156.1 

1.8216 

754.9 

503.4 

18.00 

1.9974 

464.2 

283.1 

Jan.   26 

12.507 

18.00 

12.489 

1,962 

191.3 

25.00 

12.471 

2,133 

208.3 

50.14 

12.360 

2,592 

255.3 

75.00 

12.194 

2,814 

280.8 

Jan.   29 

12.501 

18.00 

12.483 

1,960.4 

191.3 

100.00 

11.984 

2,839.6 

288.2 

128.0 

11.699 

2,699.7 

280.5 

156.0 

11.385 

2,436.5 

260.0 

75.00 

12.187 

2,814.3 

281.0 

18.00 

12.483 

1,960.3 

191.3 

25.00 

12.464 

2,131.7 

208.3 

50.14 

12.353 

2,590.0 

25!^.3 

Jan.   30 

50.016 

18.00 

49.94 

5,034 

122.8 

25.00 

49.87 

5,435 

132.7 

50.14 

49.43 

6,441 

158.6 

. 

75.00 

48.76 

6,823 

170.3 

100.00 

47.95 

6.727 

170.6 

128.0 

46.81 

6,251 

162.3 

156.0 

45.55 

5,533 

147.6 

18.00 

49.94 

5,032 

122.7 

Feb.     1 

100.00 

18.00 

99.86 

7,918 

96.6 

25.00 

99.71 

8,524 

104.1 

50.14 

98.83 

10,004 

123.3 

75.00 

97.49 

10,509 

131.2 

100.00 

95.87 

10,292 

130.6 

128.0 

93.60 

9,501 

123.4 

' 

156.0 

91.07 

8,377 

111.7 

18.00 

99.86 

7,911 

96.5 

Section  pj. — The  ConductizHty  Data. 
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Table  97. — Conductivity  data  for  nitric  acid. 


nAff# 

Concentration 

Temperatare 

Concentration 

Condaciance 

Equiralent 

m^Wk%^» 

•t40. 

/«. 

at  /«. 

X10«. 

condactance. 

1906 

Feb.  20 

0.5010 

18.00 

0.5003 

153.66 

374.1 

25.00 

0.5000 

171.06 

417.0 

50.14 

0.4951 

229.65 

564.7 

75.00 

0.4884 

279.88 

697.2 

; 

100.00 

0.4803 

321.85 

815.0 

127.8 

0.4690 

358.88 

930.1 

155.8 

0.4564 

386.33 

1,028.3 

18.00 

0.5003 

153.49 

373.7 

Feb.  24 

0.4975 

18.00 

0.4968 

152.51 

373.9 

100.00 

0.4769 

319.68 

815.2 

156.00 

0.4531 

383.73 

1,028.8 

18.00 

0.4968 

152.60 

374.1 

Feb.  26 

1.9688 

18.00 

1.9661 

599.2 

371.2 

25.00 

1.9631 

666.8 

413.7 

50.00 

1.9457 

893.3 

558.9 

75.00 

1.9196 

1,090.0 

691.0 

100.00 

1.8874 

1,252.2 

806.8 

128.0 

1.8426 

1,394.9 

920.1 

156.0 

1.7931 

1«496.6 

1,013.9 

18.00 

1.9661 

598.4 

370.8 

Feb.  2a 

12.498 

18.00 

12.481 

3,728 

363.9 

25.00 

12.462 

4,144 

405.0 

50.00 

12.351 

5,542 

546.3 

75.00 

12.185 

6.747 

673.7 

100.00 

11.981 

7,719 

783.5 

128.0 

11.697 

8,655 

889.0 

156.1 

11.382 

9,132 

974.7 

18.00 

12.481 

3,720 

363.1 

Mar.     2 

50.02 

18.00 

49.95 

14,505 

353.7 

25.00 

49.88 

16,108 

393.3 

50.00 

49.43 

21,464 

528.6 

75.00 

48.77 

26,028 

649.4 

100.00 

47.95 

29,621 

751.2 

128.0 

46.81 

32,637 

847.4 

156.0 

45.56 

34,554 

921.4 

I 

t 

18.00 

49.95 

14,491 

353.4 

Mar.     5 

100.12 

18.00 

99.98 

28,430 

346.4 

25.00 

99.83 

31,560 

385.0 

50.00 

98.94 

41,930 

515.9 

75.00 

97.61 

50,740 

632.5 

100.00 

95.98 

57,600 

729.9 

128.00 

93.70 

63,210 

820.0 

156.1 

91.18 

66,530 

885.9 

18.00 

99.98 

28,420 

346.3 

Oct   18 

2.277 

18.00 

2.274 

625.0 

370.7 

218.3 

1.918 

1,661.6 

1,163 

18.00 

2.274 

620.6 

368.1 

Oct   11 

2.879 

18.00 

2.875 

790.8 

370.9 

303.9 

2.021 

1          1,733.7 

1,150 

18.00 

2.875 

781.2 

366.4 

Aug.    25 

100.12 

18.00 

99.98 

25,654 

346.0 

217.8 

84.72 

58,072 

920.5 

303.6 

70.29 

26,233 

500.1 

18.00 

99.98 

25,361 

342.0 

Nov.    12 

100.12 

18.00 

99.98 

25,629 

345.7 

218.2 

84.38 

57,870 

921.0 

18.00 

99.98 

25,629 

345.7 
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Table  98. — Conductivity  data  for  barium  hydroxide. 


n...                 Concentration 

Temperatare 

Concentration 

Condnctaace 

BqaiTalent 

tt4<>. 

1 

/° 

at/°. 

X10«. 

condaciance. 

1906 

Mar.  28 

0.5011 

18.00 

0.5004 

90.1 

219.5         ' 

25.00 

0.4996 

102.9 

251.0         , 

50.00 

0.4952 

150.1 

369.3         1 

■ 

75.00 

0.4886 

197.5 

492.4 

100.00 

0.4804 

240.6 

609.7 

1 

128.0 

0.4689 

280.0 

727 

156.0 

0.4563 

301.9 

804 

18.00 

0.5004 

56.2 

136.9 

Apr.     4 2.000               18.00 

1.997 

352.4 

215.2         > 

50.00 

1.976 

580.1 

357.7 

i       100.00 

1.917 

921.6 

585.2 

156.0 

1.821 

1*187.9 

793.1 

18.00 

1.997 

323.0 

197.2 

Apr.    5 

2.003 

18.00 

2.000 

353.9 

215.8 

i 

50.00 

1.979 

583.1 

359.0 

I 

100.00 

1.920 

927.0 

587.8 

18.00 

2.000 

351.0 

214.0 

Apr.     6. 

12.516 

18.00 

12.499 

2,106 

205.4 

25.00 

12.480 

2,393 

232.8 

50.00 

12.369 

3,432 

338.1        ; 

75.00 

12.203 

4,438 

443.1         > 

100.00 

11.999 

5,333 

541.1 

156.0 

11.400 

6,609 

705.1 

100.00 

11.999 

5,260 

533.7 

18.00 

12.499 

2,069 

201.8 

Apr.     2 1      49.99                 18.00 

49.92 

7,822 

191.1 

25.00 

49.85 

8,794 

215.1 

50.00 

49.40 

12,508 

308.5 

1         75.00 

48.74 

15,982 

399.4 

100.00 

47.92 

18,893 

480.1 

128.0 

46.79 

21,214 

551.7 

156.0 

45.53 

22,316 

596.0 

18.00 

49.92 

7,730 

188.8 

99.84 

14,750 

180.1 

25.00 

99.69 

16,700 

204.3 

50.00 

98.80 

23,630 

291.5         , 

75.00 

97.48 

29,950 

374.3 

100.00 

95.85 

35,080 

445.5 

128.0 

93.57 

38,910 

506.0 

156.0 

91.06 

40,290 

538.1 

13.00 

99.84 

14,680 

179.3 

Section  pj. — The  Conductivity  Data, 
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Table  99. — Conductivity  data  for  potassium  hydrogen  sulphate. 


,«  .                    Concentration 

Temperatnre 

Concentration 

Conductance 

Molal 

•t  40. 

/° 

«/<>. 

X10«. 

conductance. 

1906 

I 

Jan.     8 

100.19 

18.00 

100.05 

21,660 

263.7 

25.00 

99.90 

23,230 

283.2 

50.00 

99.01 

26,820 

329.7 

75.00 

97.68 

28»570 

355.9 

100.00 

96.05 

29,810 

377.4 

128.0 

93.77 

31,350 

406.4 

156.1 

91.24 

33,100 

440.7 

18.00 

100.05 

21,660 

263.7 

Jan.   16 

1.994 

18.00 

1.991 

744.5 

455.5 

25.00 

1.988 

827.0 

506.6 

50.00 

1.970 

1,072.0 

662.3 

75.00 

1.944 

1,210.4 

757.6 

100.00 

1.911 

1,240.8 

789.5 

128.0 

1.866 

1,198.9 

780.9 

156.0 

1.816 

1,137.8 

761.2 

18.00 

1.991 

743.0 

454.5 

•July  10. 

50.04 

18.00 

49.97 

10,971 

295.5 

25.00 

49.90 

11,804 

318.4 

50.00 

49.45 

13,795 

375.3 

75.00 

48.79 

14,689 

404.9 

100.00 

47.97 

15,181 

425.3 

128.0 

46.83 

15,728 

451.1 

156.0 

45.67 

16,426 

483.8 

18.00 

49.97 

10,969 

295.5 

*The  condnctmnce-capacity  here  used  wm  that  of  Cell  III 
1.8461  at  18*. 


as  determined  July  10,  namely. 


Table  100. — Conductivity  data  for  hydrochloric  acid. 


Date. 

CoDcentration 

Temperatnre 

Concentration 

Condicunce 

Bqiiralent 

at  40. 

/o. 

at/o. 

X10«. 

condnctance. 

1906 

July  la 

2.870 

18.00 

2.866 

796.1 

374.5 

259.6 

2.259 

2,232 

1,326 

305.9 

2.003 

2,001 

1,338             ; 

18.00 

2.866 

793.5 

373.3         1 

July  19 

14.327 

18.00 

14.307 

3,899 

367.4 

• 

259.6 

11.274 

1(KSS27 

1,216.8 

306.5 

9.985 

8,650 

1,160.8 

18.00 

14.307 

3,797 

357.8 

July  21 

14.323 

18.00 

14.303 

3,893 

367.0 

259.1 

11.284 

10,223 

1,215.2 

303.6 

10.059 

8,778 

1,169.4 

18.00 

14.303 

3,852 

363.1 

July  22 

114.60 

18.00 

114.44 

29,586 

348.6 

July  25 

114.60 

18.00 

114.44 

29,551 

348.1 

260.3 

90.04 

69,396 

1,034.0 

303.3 

80.56 

52,604 

875.1 

18.00 

114.44 

29.300 

345.2 

Sept  19 

2.873 

18.00 

2.869 

797.2 

374.8 

304.0 

2.015 

2,015 

1,340 

18.00 

2.869 

795.9 

374.2 

Sept  25 

14.281 

18.00 

14.261 

3,882 

367.1 

304.1 

10.016 

8,728 

1,168 

18.00 

14.261 

3,873 

366.2 

Sept  26 

114.42 

304.0 

80.27 

52,240 

872.2 

18.00 

114.26 

348.8 
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94.    SUMMARY  OF  THE  VALUES  OF  THE  EQUIVALENT  CONDUCTANCE. 

Tables  101  to  107  contain  a  summary  of  the  values  of  the  equivalent 
conductance  given  in  the  preceding  tables.  Kato's  values  (and  a  few 
other  values)  have  been  corrected  to  round  temperatures  by  means  of  tem- 
perature-coefficients obtained  from  a  plot  of  them.  In  no  case,  except  at 
218**  and  above,  did  the  correction  exceed  0.2  per  cent  of  the  whole.  In 
the  few  experiments  where  the  difference  between  the  initial  and  final 
values  at  18°  exceeds  0.25  per  cent,  the  values  at  the  highest  temperatures 
have  been  corrected  for  contamination  as  described  in  section  91.  When 
such  a  correction  has  been  applied  it  has  been  indicated  in  the  tables  by 
affixing  the  letter  c  to  the  value  in  question. 


Table  101. — Equivalent  conductance  of  sulphuric  acid. 

[Results  of  Y.  Kato.] 


Date. 

Concentra- 
tion at  A^. 

\^ 

100°                                 156° 

218°. 

Initial. 

Final. 

Initial. 

Final. 

Initial. 

nnal. 

1905 
Sept.  11.. 
Sept   12.. 
Sept  13.. 

Mean   . 

Aug.   25.. 
Anga  26.. 
Aug.   31.. 
Sept.     1.. 
Sept     6.. 
Sept     7.. 
Sept.     9.. 
Sept  10.. 

Mean   . 

Aug.  23.. 
Aug.  24.. 
Sept   14.. 
Sept  15.. 
Sept  16.. 
Sept  16.. 

Mean  . 

0.5052 
0.5670 
0.5238 

374.1 
371.5 
372.9 

374.1 
371.6 
373.6 

713.0 
700.0 
710.0 

702.1 

655.4 

641a3 
652al 

'643.4 

588.0 
584.2 
589a3 

0.532 

372.8 

373.1 

707.7 

649  a  6 

587a2 

562al 

568a2 

'iiiioc 

5d3al 

571. ic 

565.7 

563a4 

1.992 
2.032 
2.047 
2.107 
2.091 
2.075 
2.050 
2.050 

'352!9 
353.9 
354.6 
350.5 
354.5 
354.5 

355!i 
354.3 
354.7 
354.6 
354.6 

573!6 
572.1 

573!3 

*  575.2 

541.5 
543.7 

'539!6 

*  544.1 

541.9 
545.3 

2.070 
2.076 
2.052 
2.057 

353.5 

572!  8 

'542!2 

480.0 
477.3 
478.8 
478.9 

'478!7 

a  a  a  a  a  a           ' 

564.9 

534 a 6C 
530.8C 

534.0 
532.7c 

*536!i 

11.748 
11.762 
11.643 
11.945 
11.945 
11.901 

301.2 
302.8 
304.5 
301.9 
303.8 
303.6 

304.5 
305.4 
304.5 
303.1 
303.8 
303.5 

*437!2 
440.2 
439.0 
440.5 
439.5 

439!3 

'486!8 

11.824 
11.839 
11.820 

302.9 

304.2 

439!3 

*478!7 

533!5 

Section  94. — Summary  of  Equivalent  Conductances. 
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Table  102.— £^«va/^fi/  conductance  of  sulphuric  acid. 

[Results  of  Noyes  ft  Eutman.] 


Date. 

Concentra- 
tion at  4°. 

IfP 

25*>. 

50°. 

75°. 

100°. 

128°. 

156°. 

Initial. 

Final. 

1905 

Jan.  10.. 

0.1983 

375.5 

378.5 

419.2 

567.8 

694.5 

784.6 

815. 9C 

769. OC 

Jan.  12.. 

0.2013 

374.0 

380.5 

417.8 

566.3 

693.8 

783.6 

814. 9C 

771. OC 

Jan.  18.. 

Means  . 

Dec.  19.. 

•0.1989 

375.0 

374.1 

a  ...  a   . 

780.7 

812. ic 

769. 7c 

0.1995 
0.1998 

374.9 

376.8 

782.4 

813.7 

769.8 

418.5 

567.0 

694.1 
657.5 

0.4992 

371.4 

373.1 

413.1 

552.9 

708.9 

702. 2C 

653. ic 

Dec.  21.. 
Mean    . 
1906 

0.5005 

372.1 

372.7 

414.4 

554.4 

659.1 

711.0 

704.9 

657.4 

0.4999 

371.8 

372.9 

413.7 

553.6 

658.3 

709.9 

703.6 

655.2 

Jan.    1.. 

2.001 

353.7 

353.8 

390.9 

501.9 

563.0 

574.8 

557.7 

542.3 

Jan.    3.. 

12.50 

301.7 

301.7 

327.7 

393.7 

423.4 

437.0 

454.0 

477.4 

1905 

Dec.  12.. 

50.06 

253.5 

253.4 

273.1 

323.9 

356.9 

385.5 

418.4 

450.0 

Dec.  14.. 

99.98 

233.6 

233.6 

251.5 

300.6 

337.0 

369.6 

405.6 

437.2 

1906 

Jan.    5. . 
Means  . 

100.08 

233.2 

251.2 

\  99.98 
I1OO.O3 

300.6 

337.0 

369.6 

405.6 

437.2 

233.4 

251.3 

21S° 

306° 

Oct  20.. 

2.647 

348.7 

348.2 

639 

Aug.  26.. 

114.67 

229.6 

228.9 

484C 

474c 

*This  experiment  was  given  double  weight  in  computing 
contamination. 


the  mean,  on  account  of  the  smaller 


Table  103. — Molal  conductance  of  phosphoric  acid. 


Date. 

Concen  ra- 
tion at  4°. 

18° 

25°. 

50°. 

75°. 

100°. 

128°. 

156°. 

Initial. 

Final. 

1906 
Feb.    7.. 
Jan.  22.. 
Jan.  24.. 

Mean    . 

Jan.  26.. 

Jan.  29.. 

Mean    . 

Jan.  30.. 
Feb.    1.. 

0.2266 

1.999 

2.000 

329.9 
283.1 
283.3 

330.4 
282.9 
283.1 

366.1 
312.0 
312.1 

491.1 
401.3 
401.6 

597.7 
465.7 
466.1 

685.1 
503.0 
503.3 

758.5 
516.7 
517.2 

801.8 
503.0 
503.5 

2.000 

283.2 

283.0 

312.0 

208.3 
208.3 

401.4 

465.9 

280.8 
281.0 

503.2 

sss=ssaimm. 

288!2* 

617.0 

503.2 

12.51 
12.50 

191.3 
191.3 

mis 

255.1 
255.1 

286.'5' 

266!6 

32.50 

191.3 

208.3 

255.1 

280.9 

288.2 

280.5 

260.0 

50.02 
100.00 

122.8 
96.6 

122.7 
96.5 

132.7 
104.1 

158.5 
123.2 

170.3 
131.2 

170.6 
130.6 

162.3 
123.4 

147.6 
111.7 

^5S 
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Table  104. — Equivalent  conductance  of  nitric  acid. 


Due. 


1906 

B'eb.   20. 
Feb.   24. 

Mean  .. 

Feb.  26. 

Feb.  28. 

Mar.  2. 

Mar.  5. 


Concentra- 
tion at  4°. 


0.5010 
0.4975 


0.4992 
0.5010 


1.969 
12.50 
&0.02 
100.12 


18° 


Initial. 


374.1 
373.9 


374.0 


371.2 
363.9 
353.7 
346.4 


Final. 


373.7 
374.1 


373.9 


370.8 
363.1 
353.4 
346.3 


25°. 


50°. 


417.0 


417.0 

413.7 
405.0 
393.3 
385.0 


563.9 


75°. 


697.2 


697.2 


691.0 
673.7 
649.4 
632.5 


100°. 


128°. 


815.0 
815.2 


815.1 


806.8 
783.5 
751.2 
729.9 


930.9 


930.9 

920.1 
889.0 
847.4 
820.0 


156°. 


1«029.0 
1.028.8 


1,028.9 


1,013.9 
974.4 
921.4 
885.7 


Date. 


1906 
Oct     18 
Oct     11 
Aug.   25 
Nov.   12 

Mean 


Concentration 
at  4°. 


2.277 
2.879 
100.12 
100.12 


100.12 


18° 


Initial. 


370.7 
370.9 
346.0 
345.7 


345.9 


Final. 


368.1 
366.4 
342.0 
345.7 


218°. 


1,168 

"9230 
921 


922 


306!°. 


1,165 


Table  105^ — Equivalent  conductance  of  barium  hydroxide. 


Date. 

Concentra- 
tion at  4°. 

18° 

25°. 

50°. 

75°. 

100°. 

128°. 

156°. 

Initial. 

Tinal. 

1906 

Mar.   28. 

Apr.      4. 

Apr.      5t 

Mean    . 

Apr.     6. 
Apr.     2. 
Mar.   21. 

0.5011 

2.000 

2.003 

219.5 
215.2 
215.8 

136.9 
197.2 
214.0 

251.0 

...... 

•369.3 
357.7 
359.0 

•492.4 

♦610 
589C 
591C 

•800C 

*  1,000c 
840C 

2.002 

215.5 

358.6 

591 

840 

12.52 
49.99 
99.98 

205.4 
191.1 
180.1 

201.8 
188.8 
179.3 

232.8 
215.1 
204.3 

338.1 
308.5 
291.5 

443.1 
399.4 
374.3 

t541.1 
480.1 
445.5 

553.4c 
506.6« 

713C 

600.8C 

539.7c 

*Very  rough  approximation,  owing  to  great  contamination. 
tDouble  weight,  on  account  of  smaller  contamination. 
tA  final  value  at  100**,  after  going  to  166**,  was  688.7. 

I  This  same  correction  for  contamination  was  applied  to  this  value  as  to  the  one  below  it,  <*.  e., 
two  thirds  of  the  percentage  change  at  18"  in  the  second  experiment. 


Table  106. — Molal  conductance  of  potassium  hydrogen  sulphate. 


Date. 

Concentra- 
tion at  4°. 

IS 
Initial. 

o 
Final. 

25°. 

50°. 

75°. 

100°. 

128°. 

156°. 

1906 

Jan.    10.. 
July    10.. 
Jan.      8.. 

1.094 
.'50.04 
100.19 

455.5 
295.5 
263.7 

4.'54.5 
295.5 
263 . 7 

506.6 
318.4 
283.2 

662.3 
375.3 
329.7 

757.6 
404.9 
355.9 

789.5 
425.3 
377.4 

780.9 
451.1 
406.4 

761.2 
483.7 
440.7 

Section  94, — Summary  of  Equivalent  Conductances, 
Table  107. — Equivalent  conductance  of  hydrochloric  acid. 


Date. 

Concentra- 
tion at  4°. 

l^ 

260°. 

306°. 

Initial. 

Final. 

1906 

July    18... 

Sept  19... 

Mean  ... 

July    19... 
July    21... 
Sept  25... 

Mean  ... 

July    22... 

July    25. . . 

Sept  26... 

Mean  ... 

2.870 
2.873 

374.5 
374.8 

373.3 
374.2 

1,326 

1,338 
1,336 

2.872 

374.6 

1,326 

1,337 

1,162 
1,162 
1,162 

14.33 
14.32 
14.28 

367.4 
367.0 
367.1 

357.8 
363.1 
366.2 

1,217 
1,216 

14.31 

114.60 
114.60 
114.42 

367.2 

1,216 

1,162 

348.6 
348.1 

345!2' 

348.8 

1,635' 

'*862* 
862 

114.5 

348.4 

.••••• 

1,035 

862 
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The  degree  of  concordance  of  the  results  of  the  experiments  carried 
only  to  156**  may  be  first  considered.  An  examination  of  the  preceding 
tables  shows  that  for  sulphuric,  phosphoric,  and  nitric  acids  and  potas- 
sium hydrc^en  sulphate  in  solutions  2  milli-normal  and  stronger,  the 
agreement  between  the  initial  and  final  values  at  18**,  and  between  dupli- 
cate experiments  is  in  general  better  than  0.2'  per  cent,  the  greatest  differ- 
ence being  0.22  per  cent.  The  same  is  also  true  of  the  0.2  milli-molal  phos- 
phoric acid  and  of  the  0.5  milli-normal  nitric  acids.  In  the  0.2  and  0.5 
milli-normal  sulphuric  acid  solutions,  however,  the  final  values  at  18**  are 
somewhat  larger  than  the  initial,  averaging  0.5  and  0.3  per  cent  respec- 
tively. The  independent  experiments  at  these  two  concentrations  agreed 
within  about  the  same  limits,  the  greatest  average  deviation  from  the  mean 
being  0.22  per  cent.  Kato's  values  (table  101)  show  about  the  same  differ- 
ences as  our  own  between  the  intial  and  final  18**  values,  except  in  three 
experiments  which  show  an  increase  of  about  1  per  cent  A  comparison 
of  his  individual  experiments  with  one  another  can  hardly  be  made  owing 
to  large  differences  in  concentration,  but  his  final  means  compared  after 
reducing  to  round  concentrations  agree  with  our  own  within  0.2  per  cent, 
except  at  100**  in  the  0.5  and  2.0  milli-normal  where  the  differences  reach 
C.4  per  cent.  The  divergence  between  the  initial  and  final  18**  values  for 
barium  hydroxide  increases  rapidly  with  the  diluticm,  amounting  to  0.4 
per  cent  at  100  milli-normal,  1.2  per  cent  at  60  milli-normal,  8  per  cent  at 
2  milli-normal,  and  38  per  cent  at  0.5  milli-normal,  in  cases  where  the  solu- 
tion had  been  heated  to  156**.  These  large  changes  in  the  dilute  solutions 
make,  of  course,  the  observed  values  of  the  conductance  at  the  higher 
temperatures  very  inaccurate ;  but  the  error  has  been  doubtless  reduced  to 
a  relatively  small  amount  (except  for  the  0.5  milli-normal  solution)  by 
the  correction  applied  for  the  contamination  as  described  in  section  91. 
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In  the  experiments  extended  to  218**,  260**,  and  306*  the  agreement  was 
not  so  good,  owing  to  greater  contamination.  In  the  first  experiments 
with  hydrochloric  acid,  made  in  July,  1906,  the  final  values  at  18**  diflfered 
from  the  initial  values  by  one  to  three  per  cent  (except  in  the  most  dilute 
solution).  This  seems  to  have  been  due  to  the  presence  of  gold  and 
platinum  dissolved  from  the  lining ;  for  the  strongest  solution  had  a  light 
yellow  color  after  the  heating,  and  a  small  precipitate  of  gold  and  a  brown 
coloration  was  obtained  on  adding  stannous  chloride.  To  diminish  this 
solvent  action,  the  solutions  in  the  later  experiments  made  in  September 
were  boiled  at  about  60**  under  reduced  pressure  just  after  they  were  intro- 
duced into  the  bomb;  and  it  was  then  found  that  the  initial  and  final 
values  at  18**  agreed  within  0.3  per  cent.  The  fact  that  the  two  sets  of 
experiments  gave  concordant  results  at  306*  shows  that  the  presence  of 
the  gold  or  platinum  had  no  influence  at  that  temperature,  probably  owing 
to  the  hydrolysis  of  their  salts.  Differences  of  about  one  per  cent  were 
observed  in  some  of  the  experiments  with  nitric  and  sulphuric  add,  but 
these  solutions  did  not  contain  gold  or  platinum  in  appreciable  quantity. 

In  the  course  of  the  experiments  with  the  2  miUi-normal  nitric  add,  the 
remarkable  phenomenon  was  observed  in  four  or  five  cases  that  the  con- 
ductance rapidly  decreased  during  the  heating  above  200**,  owing  evi- 
dently to  decomposition  of  the  acid.  Thus,  in  one  case  after  heating  to 
306**  it  was  found  that  the  final  conductance  at  18**  was  only  five  per  cent 
of  the  initial  value.  This  decomposition  was  apparently  started  by  minute 
quantities  of  impurities  accidentally  introduced  into  the  bomb ;  for  it  was 
found  possible  to  prevent  it  by  making  up  the  solution  with  exceptionally 
pure  water  and  taking  special  precautions  against  contamination.*  This 
behavior  is  entirely  analogous  to  that  of  silver  nitrate  as  observed  by 
Noyes  and  Melcher  and  described  in  section  39,  Part  IV. 

♦The  nitric  acid  seems  to  decompose  into  nitrogen  (or  nitrous  oxide),  oxygen, 
and  water;  for  tests  for  nitrite  and  for  ammonia  made  by  the  processes  used  in 
water  analysis  on  a  2  milli-normal  solution  which  had  been  heated  to  218^  and  had 
greatly  decreased  in  conductance  showed  that  the  quantities  of  these  substances 
present  were  less  than  0.1  per  cent  of  the  nitric  acid  originally  in  the  solution. 
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95.    FINAL  VALUES  OF  THE  EQUIVALENT  CONDUCTANCE  AT  ROUND 

CONCENTRATIONS. 

The  mean  values  of  the  equivalent  or  molal  conductance  given  in  tables 
101  to  107  have  been  reduced  to  round  concentrations  by  the  help  of  coeffi- 
cients derived  from  curves  obtained  by  plotting  A  against  some  function 
of  the  concentration  (C),  or  of  the  product  AC.  The  error  introduced  in 
reducing  in  this  way  to  round  concentrations  probably  exceeds  0.1  or  0.2 
per  cent  only  for  those  values,  inclosed  within  parentheses  in  the  table 
below,  which  it  was  necessary  to  correct  for  a  fairly  large  difference  in 
concentration. 

The  equivalent  conductances  at  zero  concentration  (Ao)  have  been 
obtained  in  the  cases  of  nitric  acid,  phosphoric  acid,  and  barium  hydroxide 
at  temperatures  up  to  156**  by  extrapolation  upon  plots  of  1/A  against 
(AC)""*,  as  described  in  section  17,  Part  II  (except  that  those  for  barium 
hydroxide  at  75**  and  128**  were  obtained,  by  interpolation,  from  a  plot  of  the 
other  Ao  values  against  the  temperature).  The  A^- value  for  hydrochloric 
acid  at  306**  was  obtained  in  the  same  way ;  but  to  get  that  at  260**  the  value 
of  the  exponent  n  was  assumed  to  be  1.50,  since  the  data  were  not  sufficient 
to  determine  this  with  accuracy.  The  A^-values  for  nitric  acid  at  218° 
and  306°  were  assumed  to  be  97  per  cent  of  those  for  hydrochloric  acid  at 
these  temperatures,  just  as  they  are  at  100°  and  156°.  Owing  to  the  con- 
tamination in  the  more  dilute  solution,  the  A^-values  for  barium  hydroxide 
at  the  higher  temperatures  are  only  rough  approximations ;  and  owing  to 
the  long  extrapolation,  those  for  hydrochloric  and  nitric  acids  at  260°  and 
306**  may  well  be  in  error  by  two  to  three  per  cent.  The  A©- values  for 
sulphuric  acid  at  18°,  100°,  156%  218**  and  306**  were  obtained  by  the 

equa  ion  A0H2SO4  =  AoHci  +  A0K2SO4  —  Aokgi 

using  the  values  for  hydrochloric  acid,  potassium  sulphate,  and  potassium 
chloride  given  in  table  36,  (§  54,  Part  V),  table  22,  (§  41,  Part  IV),  and 
table  9  (§16,  Part  II),  respectively.  Those  at  the  intermediate  tempera- 
tures were  obtained  from  the  others  by  graphic  interpolation. 

The  final  values  so  obtained  are  all  given  in  tables  108  and  109.  The 
temperatures  are  those  of  the  hydrogen-gas  scale.  The  concentration  is 
expressed  in  milli-equivalents  (or  milli-formula-weights)  of  solute  per 
liter  of  solution  at  the  temperature  of  the  measurement,  the  atomic  weight 
of  oxygen  being  taken  as  16.00  and  the  weights  of  substances  being  cor- 
rected for  air  buoyancy;  milli-formula-weights  per  liter  are  given  for 
phosphoric  acid  and  potassium  hydrogen  sulphate,  milli-equivalents  per 
liter  for  all  the  other  substances.  The  equivalent  or  molal  conductance  is 
expressed  in  reciprocal  ohms ;  the  molal  conductance  is  given  in  the  case 
of  phosphoric  acid  and  potassium  hydrogen  sulphate,  the  equivalent  con- 
ductance in  all  other  cases. 
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Table  106— Final  values  of  the  equivateni  or  molai  condMlmtct  nf  to  »<*. 


10.0 

50.0 
80.0 

100.0 


374.0 
371.2 

(3SS) 
303.9 
353.7 

(349) 
346.4 
383 


153.0 
(309) 

301.3 

2S3.5 
(840) 

233.3 

333 


123.7 

(104i 

H.5 

222 

EI9 

213 
(207) 

203.4 

191.1 
(184) 

180.1 

435.3 
(379) 

295.5 
(273) 


JS". 

431 

417.0 

413 

7 

<4nn 

40^ 

;iH3 

3 

I3BH 

38S 

U 

(429 

418 

s 

413 

7 

IllKl 

H 

[337 

337 

5 

273 

(1 

(2.1H 

2JI 

2 

37B 

3(17 

2 

311 

(223 

208 

1 

rt 

(112 

4) 

IIH 

0 

2,10 

25 1 

1233 

J!3« 

H 

21.1 

1 

f20H 

204 

2 

Hflfi 

(417 

aiN 

3 

(294 

2«« 

1 

503.9 
5S8.8 

(S4B) 
548.2 
.528.4 

(5211 
515.7 

(501) 


897.1 
689.7 

(678) 
873.4 
848.9 

(637) 
6.11.8 

(T4«) 
693.6 
6S7.0 
660.8 

(435) 
421.!) 
.156.0 

(342) 
I  .138.4 
I  031 
I  ,  G00.3 

(3O0i 
278.5 
I  168.6 
(141) 
'  I  129.9 
(320) 


I  ,  754,1 
(5S8) 
'  402.8 
(369) 


814.8 
806.2  j 
(786)  I 
782.7 


779.8  ' 
706.3  ; 
571.0 

(446) 
434.9 
.')S4.3 

(373) 


!8.5 
18.2 
(308) 
283.9 
167.8 
(141) 
128.4 
643 


(454)  I 
443  j 
784.0 

<5B0) 
122.1 

(389) 
374.6  ' 


(1,230) 
V,iM* 


(502) 
(488) 
(483) 


507.6   489.0  . 


Table  lai.— Final  values  of  the  eguivaleiit 
conduclatire  al  260°  and  306'. 


iDbiiince. 

'    ?.r.- 

ZSCP. 

30i°. 

'   HCl  

0.0 

1,380 

1.424 

,      2.0 

1,338 

1.337 

1 

1     10. 0 

1,820 

1     80.0 

1,04Q 

862 

HNO, 

(1.380) 

1      2.0 

1.158 

70.0 

482 

1     80.0 

(2,030) 
637 

B.O 

] 

1     BD.O 

474 
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The  values  given  in  table  109  for  sulphuric  acid  arc  the  means  of  those 
obtained  by  Mr.  Kato  and  ourselves  in  the  case  of  the  2  and  12.5  milli- 
normal  solutions.    The  values  derived  by  each  were  as  follows: 


Concentra- 
tion. 

Igo 

\{XP 

156° 

Kato. 

N.  &B. 

Kato. 

N.  &B. 

Kato. 

N.  &B. 

0.5 

2.0 

12.5 

373.2 
354.1 
301.0 

371.8 
353.7 
301.7 

709.0 
572.2 
434.8 

706.3 
569.8 
435.0 

645 
536 
475.4 

644 
535 
475.3 

We  regard  our  values  for  the  very  dilute  0.6  milli-normal  solution  as 
more  reliable  because  of  the  fact  that  our  bomb  was  rotated,  thus  remov- 
ing any  contamination  from  the  immediate  neighborhood  of  the  electrodes. 

Table  110  contains  a  comparative  summary  of  the  results  at  18**  of 
previous  investigations  and  of  our  own.  From  all  the  earlier  values  the 
conductance  of  the  water  has  been  subtracted,  while  in  the  case  of  our 
values,  this  has  not  been  done;  but  the  conductance  of  the  water  used 
(0.3  to  0.5  X  10-*  at  18**)  amounted  to  only  about  0.2  per  cent  of  that 
of  the  0.5  milli-normal  acid  solutions.  Interpolated  values  are  inclosed 
within  parentheses. 

Table  110. — Comparison  of  the  conductance  values  at  18**   with  those  of  other 

inz'esiigators. 


Concentration. 

Sulphuric  acid.                {      Phosphoric  acid. 

Nitric  acid. 

Kohl- 
ransch.* 

Whet- 
ham.! 

Nojres  & 
Battman. 

Foater.t 

Nojrea  & 
Battman. 

'Goodwin^ 
Haskell.i 

Kohl- 
raaich.* 

Nojres  & 
Bastman. 

0.2 

0.5 

2.0 

12.5 

50.0 

100.0 

(368) ' 
351 

253 
225 

(379) 
(376) 
(350) 

374.9 
371.8 
353.7 

'253.5 
233.3 

312 
(312) 

279 
(189) 
(122.9) 

(96.7) 

330.8 
(320) 
283.1 
191.2 
122.7 
96.5 

*373'.9 
371.4 

'   374' 

'357 
350 

373!9' 
371.2 

353  .'7 ' 
346.4 

*Kohlrau9ch  &  Holborn,  Leitvermogen  der  Eldctrolyte,  p.  160. 
flnterpolated  from  •  plot  of  the  values  given  by  Whetfaam  in  Z.  phys.  Chein.» 
These  values  are  dependent  on  Kohlrauscn's  at  0.02-0.08  normal. 
IPhys.  Rev.  8,  269  (1899).     Interpolated  from  a  plot 
IProc.  Am.  Acad.,  40,  413  (1904);  Phys.  Rev.,  19,  386  (1904). 


,  205  (1906). 


Our  values  for  sulphuric  acid  agree  fairly  well  with  those  of  Kohl- 
rausch  and  of  Whetham,  except  for  the  concentration  100  milli-normal, 
where  our  value  is  3.6  per  cent  greater  than  that  of  Kohlrausch.  On 
account  of  this  discrepancy,  a  check  measurement  was  made  (on  May  14, 
1906)  at  this  concentration  in  a  U-shaped  glass  vessel;  and  the  value 
233.6  was  obtained  for  the  equivalent  conductance,  which  differs  by  less 
than  0.2  per  cent  from  the  determination  made  in  the  bomb.  The  values 
for  the  stronger  solutions  of  phosphoric  acid  agree  very  well  with  Fos- 
ter's ;  but  our  values  for  the  dilute  solutions  are  considerably  greater  than 
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his,  the  difference  being  6.5  per  cent  at  0.2  milli-molal.  This  divergence 
is  doubtless  largely  due  to  the  fact  that  Foster  subtracted  the  conductance 
of  the  water,  which  in  this  case  amounted  to  3.6  per  cent  of  the  whole 
conductance.  The  values  for  nitric  acid  in  the  dilute  solutions  are  in 
excellent  agreement  with  those  of  Goodwin  and  Haskell,  who  used  a 
special  method  to  eliminate  the  effect  of  impurities  in  the  water.  For  the 
stronger  solutions,  our  values  exceed  Kohlrausch's  by  about  1  per  cent ; 
but  here,  as  for  sulphuric  acid,  our  value  was  checked  (on  May  11,  1906) 
by  an  independent  measurement  of  a  100  milli-normal  solution  in  a 
U-shaped  vessel,  whereby  the  value  346.8  (instead  of  346.4)  was  obtained. 

%.    CHANGE  OF  THE  EQUIVALENT  CONDUCTANCE  WITH  THE  CON- 
CENTRATION AND  THE  TEMPERATURE. 

As  in  the  previous  researches  in  this  series  we  have  determined  what 
value  of  n  must  be  used  in  the  equation  C(Ao  —  A)=/<C(CA)*  to  make 
it  conform  to  the  results.  The  values  of  the  exponent  so  obtained  are 
given  in  table  111. 

Table  111. — Values  of  the  exponent  n  in  the  function 

C(A.--A)=K(CA)n 


Subittnce. 

i^. 

2$° 

50°. 

75°. 

100°. 

128°. 

156°. 

HNOg 

H.PO, 

Ba(0H)2.. 

1.43 

1.9 

1.55 

1.43 
.... 
1.45 

1.43 
.... 
1.40 

1.43 

•  •  •  • 

•  •  •  • 

1.45 

1.8 

1.45 

1.45 

•  •   •  • 

•  •  •  • 

1.45 

1.8 

1.45 

The  values  of  the  exponent  at  260**  and  306°  for  hydrochloric  acid 
were  found  to  be  1.35  and  1.60,  respectively,  while  Noyes  and  Cooper's 
values  (see  table  39,  Part  V)  at  the  lower  temperatures  range  from  1.38 
to  1.47.  For  sulphuric  acid  at  18**  (up  to  50  milli-normal)  the  exponent 
has  the  value  of  1.5;  it  was  not  determined  at  the  higher  temperatures 
because  the  ionization-relations  are  there  complicated  by  the  presence  in 
large  quantity  of  the  intermediate  HSO4"  >0"-  It  will  be  seen  from  these 
results  that  the  conductance  of  nitric  acid  and  hydrochloric  acid  changes 
with  the  concentration  according  to  the  same  law  as  does  that  of  the 
neutral  salts;  and  that  the  same  is  true  of  the  tri-ionic  base  barium 
hydroxide  and  of  the  tri-ionic  acid  sulphuric  acid  at  18°.  The  insignifi- 
cant variation  of  the  exponent  with  the  temperature  in  the  case  of  all 
these  substances  is  also  worthy  of  notice.  It  is  of  interest,  too,  to  note 
that  the  exponent  for  phosphoric  acid,  which  is  only  moderately  ionized, 
is  intermediate  between  that  found  for  the  largely  ionized  substances  and 
that  required  by  the  mass-action  law. 
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The  change  of  the  Ao-values  with  the  temperature  deserves  considera- 
tion only  in  the  cases  of  nitric  acid,  phosphoric  acid,  hydrochloric  acid 
and  barium  hydroxide;  for  only  for  these  substances  were  they  directly 
derived.  Table  112  contains  the  ratios  of  these  Ao-values  to  those  pre- 
viously given  for  potassium  chloride  and  for  some  other  substances. 

Table  112. — Ratio  of  the  Arvalues  to  those  for 
potassium  chloride  and  other  substances. 


18P. 

100°. 

156°. 

HNO.  :I[01 

2.90 
0.99 
1.70 
2.60 
0.89 
1.71 
1.90 

1.99 
0.97 
1.28 
1.76 
0.86 
1.56 
1.67 

1.67 
0.97 
1.24 
1.49 
0.86 
1.36 
1.53 

HNO.  :  HOI 

HNO3  :Ba(0H)2 

H.PO*  :KC1 

HnPO*  :H01 

Ba(OH).:KCl 

Ba(OH)2:Ba(N08)a.aa 

The  ratio  HCliKCl  at  306°  was  found  to  be  1.27;  its  value  at  lower 
temperatures  was  found  by  Noyes  and  Cooper  to  be  as  follows:  2.91  at 
18%  2.05  at  100%  1.73  at  156%  and  1.53  at  218%  It  will  be  observed 
that  the  ratio  of  the  values  for  hydrochloric  and  nitric  acids  is  not  far 
from  unity  at  all  temperatures,  showing  that  the  chloride  and  nitrate 
ions  always  move  at  nearly  the  same  rate.  The  values  of  the  other  ratios 
show  that  the  velocities  of  the  hydrogen  and  hydroxide  ions  approach 
those  of  each  other  and  of  the  neutral-salt  ions  as  the  temperature  riseSa 

Table  113  contains  the  values  of  the  mean  temperature-coefficients  of 
the  conductance  at  zero  concentration  (AAo/A/)  for  the  substances 
included  in  this  investigatioUa  It  will  be  seen  that  all  these  values  steadily 
decrease,  showing  that  the  conductance-temperature  curve  is  concave 
toward  the  temperature  axis  and  that  it  has  no  points  of  inflexion,  as  is 
the  case  with  neutral  salts. 

Table  113. — Mean  temperature-coeMcients  of  the  conductance 

at  zero  concentration. 


Sabstance. 

Temperatare  intenral. 

18°-50°. 

50°-100°. 

100°-156°. 

156°-218°. 

218^306°. 

HNO, 

H,S04 

H.PO...... 

BaOaHa.... 

HCl 

6.03 
6.50 

5a22 

5.22 

5.12 
6.00 
4.50 
5.12 

3.95 
5.09 
3.57 
3.58 
4.20 

'2.96' 

1.81 

With  reference  to  the  effect  of  temperature  on  the  conductance  values 
at  the  higher  concentrations,  attention  may  be  called  to  the  fact  that 
maximum  values  are  reached  in  the  cases  of  all  the  acids  investigated, 
namely,  near  75"*  with  0.1  molal  and  near  12S**  with  0.002  molal  phos- 
phoric acid,  between  166°  and  218**  with  0.08  normal  nitric  acid,  and 
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between  S18°  and  2C0°  with  O.OS  normal  hydrochloric  acid.  Sulphuric 
acid  shows  a  very  different  variation  of  the  conductance  wifli  tfie  tempera- 
ture at  different  concentrations.  This  is  best  seen  by  reference  to 
figure  18,  on  which  the  values  for  0.08  normal  hydrochloric  and  nitric 
acids  are  also  plotted.  The  most  striking  feature  of  this  plot  is  that  the 
conductance  values  for  the  most  concentrated  and  the  most  dilute  sul- 
phuric acid  at  first  diverge  rapidly  with  rising  temperature  (up  to  atxnit 
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100°),  then  approach  each  other  (most  closely  at  318°),  and  finally  again 
diverge.  This  behavior  can  be  satisfactorily  accounted  for  by  assuming 
that  the  dissociation  of  this  acid  takes  place  in  two  stages  according  to 
the  reactions : 

HjSO«  =  H*  +  HSO.-  and  HSO."  =  H*  -f-  S0.= 
and  that  the  extent  to  which  these  two  reactions  occur  is  very  different 
at  the  different  temperatures.     This  matter  will  be  discussed  in  the  fol- 
lowing section. 
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97.    IONIZATION  OF  THE  SUBSTANCES  AND  ITS  CHANGE  WITH  THE 

CONCENTRATION  AND  THE  TEMPERATURE. 

Tables  114  and  115  contain  the  values  of  the  ratio  100  A/A©  for  the  sub- 
stances for  which  the  equivalent  or  molal  conductances  are  given  in 
tables  108  and  109.  This  ratio  doubtless  represents  approximately  the 
percentage  ionization  in  the  cases  of  nitric  and  phosphoric  acids,  and 
almost  certainly  also  in  the  case  of  barium  hydroxide;  for  the  second 
hydrogen  of  phosphoric  acid  has  been  shown  by  the  work  of  Mr.  G.  A. 
Abbott*  to  be  less  than  0.05  per  cent  ionized  at  18*  at  even  0.001  molal 
concentration;  and  the  equivalent  conductance  of  bariitm  hydroxide 
behaves  at  all  temperatures  so  entirely  like  that  of  neutral  uni-univalent 
and  unibivalent  salts  that  it  is  hardly  probable  that  any  considerable 
quantity  of  an  intermediate  ion  like  BaOH*  exists.  In  the  case  of  sul- 
phuric acid,  two  sets  of  ratios  separated  by  a  dash  are  given  in  table  114; 
the  first  one  is  100  times  the  ratio  of  the  equivalent  conductance  (A)  of 
the  acid  at  the  concentration  in  question  to  the  sum  of  the  equivalent 
conductances  of  the  hydrogen  and  sulphate  ions  (Ah  +  Aso*),  for  which 
sum  the  values  were  given  in  tables  109  and  110;  the  second  one  is  100 
times  the  ratio  of  the  equivalent  conductance  A  to  the  sum  of  the  equiva- 
lent conductances  of  the  hydrogen  and  the  hydrosulphate  ion  (Ah  + AHSO4), 
for  which  sum  values  equal  to  the  A©  values  for  acetic  add  were  taken, 
it  being  assumed  that  the  latter  ion  has  the  same  equivalent  conductance 
as  the  CjHjOa"  ion,  whose  molecule  consists  of  nearly  the  same  number 
of  atoms.  These  two  ratios  represent  the  limits  between  which  must 
lie  the  percentage  of  the  total  hydrogen  of  the  acid  which  exists  in  the 
state  of  hydrogen-ion  in  the  solution;  for  if  the  acid  dissociated  wholly 
into  2H*  -|-  SO4",  this  percentage  would  have  the  first  value,  and,  if  wholly 
into  H*  and  HS04~  the  second  valucf  The  value  of  the  percentage  ioni- 
zation would  evidently  be  the  same  as  the  first  value  if  the  acid  dissociated 
only  in  the  first  way,  and  twice  the  second  value  if  it  dissociated  only  in 
the  second  way. 

^Reference  is  here  made  to  a  research  executed  in  this  laboratory,  but  not  yet 
published.    . 

fThis  will  be  evident  from  the  following  considerations.  The  specific  conductance 
L  of  the  solution  is  given  in  the  two  cases  by  the  expressions 

^= ChAh  -f  2Cs(vA.so«  and  ^=ChAh  -f  Chs(vA.hso« 

where  the  large  C*s  represent  molal  concentrations ;  or  since  Ch  =  2Csai  in  the  first 
case  and  Ch  =  Chso*  m  the  second,  also  by : 

L  =  CH(AH-f-Aso*)  and  l  =  Ch(Ah  + AhsOi)  ; 

from  which  by  substituting  for  L  its  value  cA  where  c  is  the  equivalent  concentration 
of  the  acid,  we  obtain : 


C        AH-f-AsOt  c         Ah  +  Ahso> 
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Table    114. — Conductance-ratio  lOO  A/At  and  approximate  percentage  ionisation 

up  to  2J8\ 


Substance. 

Concen- 
tration.* 

ISP. 

25°. 

50°. 

75°. 

lOOP. 

128°. 

156P. 

2iaP. 

HNO, 

0.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100 

0.5 

99.1 

99.0 

98.9 

98.7 

98.6 

98.4 

98.2 

2.0 

98.4 

98.2 

98.0 

97.7 

97.6 

97.2 

96.7 

95 

10.0 

96.8 

96.4 

96.1 

95.8 

95.2 

94.5 

93.4 

12.5 

96.4 

96.2 

95.8 

95.4 

94.8 

93.9 

92.8 

50.0 

93.7 

93.4 

92.7 

91.9 

90.8 

89.4 

87.6 

80.0 

92.6 

92.2 

91.4 

90.2 

89.0 

87.5 

85.3 

75 

100.0 

91.8 

91.4 

90.5 

89.5 

88.2 

86.5 

84.0 

Uf  PO4 .... 

0.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

0.2 

98.0 

97.5 

96.5 

95.0 

94.5 

91.0 

86.5 

2.0 

84.0 

83.0 

78.5 

73.5 

68.5 

60.5 

52.5 

10.0 

60.0 

59.0 

53.5 

47.5 

42.0 

35.5 

29.4 

12.5 

56.5 

55.5 

50.0 

44.0 

39.0 

32.5 

27.0 

50.0 

36.5 

35.0 

31.0 

26.5 

23.0 

19.0 

15.5 

80.0 

31.0 

30.0 

26.0 

22.5 

19.5 

16.0 

12.5 

100.0 

28.5 

27.5 

24.0 

20.5 

17.5 

14.5 

11.5 

XI2SO4 .... 

0.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100 

0.2 

98-108 

98-108 

96-107 

93-105 

87-104 

78-91 

65-77 

0.5 

97-107 

97-106 

94-104 

88-100 

79-91 

67-79 

55-66 

3»-50 

2.0 

92-102 

91-101 

85-95 

75-85 

64-74 

53-^ 

46-55 

37-48 

10.0 

81-89 

7^-87 

6^77 

58-66 

50-58 

44-52 

41-49 

35-46 

12.5 

7^-87 

76-84 

66-74 

67-64 

49-56 

43-51 

40-48 

3&-45 

50.0 

66-73 

64-70 

55-61 

48-54 

43-50 

40^7 

38-46 

33-43 

80.0 

63-69 

60-66 

52-58 

46-52 

42-48 

39-46 

37-45 

32-42 

100.0 

61^7 

59-65 

51-57 

45-51 

41-48 

39-46 

37-44 

32-41 

Ba(0H)2.. 

0.0 
0.5 

100.0 
98 

100.0 
98 

100.0 

100.0 

100.0 

100.0 

100.0 

2.0 

97 

(96) 

92 

91 

10.0 

93 

92 

88 

86 

85 

87 

85 

12.5 

92 

91 

87 

85 

83 

83 

50.0 

86 

84 

79 

77 

74 

72 

70 

80.0 

83 

81 

76 

73 

70 

68 

65 

100.0 

81 

80 

75 

72 

68 

66 

63 

*Milli-equivaIent8  per  liter  in  the  cases  of  nitric  and  sulphuric  acids  and  of  barium  hydroxide; 
milli-forinula-weights  per  liter  in  the  case  of  phosphoric  acid. 

Table  115. — Conductance-ratio  100  A/A«  and  approximate 
Percentage  ionisation  at  260"*  and  306**. 


Substance. 

Concen- 
tration. 

260°. 

306°. 

HNO5 

0.0 

.... 

100 

2.0 

.... 

84 

80.0 

.... 

33 

HCl 

0.0 

100 

100 

2.0 

96 

94 

10.0 

89 

82 

80.0 

76 

60 

rij^^'i  •  •  •• 

0.0 

.... 

100 

2.0 

.... 

31-50 

80.0 

.... 

23-37 

It  has  already  been  shown  that  the  equivalent  conductances  of  nitric 
acid  and  of  barium  hydroxide  up  to  156°  and  that  of  hydrochloric  acid  up 
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to  306*  change  with  the  concentration  according  to  the  same  exponential 
law  as  does  that  of  neutral  salts,  the  value  of  the  exponent  n  in  the  equation 
C(Ao  —  A)  =/iL(CA)*,  being  in  all  cases  approximately  1.5.  It  follows 
therefore  that  the  same  is  true  of  the  ionization  (y)  of  these  substances, 
to  which  the  corresponding  equation  C(l  —  y)=/iL(Cy)*  with  n  = 
1.5,  approximately,  applies. 

The  change  of  ionization  with  the  temperature  of  nitric  acid  up  to  156* 
and  of  hydrochloric  acid  even  up  to  306*  is  also  about  the  same  magni- 
tude as  that  of  neutral  salts  of  the  same  ionic  type,  as  may  be  seen  best 
by  comparing  the  values  at  80  milli-normal  in  tables  114  and  115  and 
table  41,  Part  V,  with  those  in  table  28  (Part  IV).  Thus  at  18*  the 
ionization  of  potassium  and  sodium  chlorides  is  86.5  per  cent,  that  of 
hydrochloric  and  nitric  acids  93  per  cent,  while  at  156**  the  corresponding 
values  are  80.5  per  cent  for  the  two  salts  and  86  per  cent  for  the  two  acids. 
At  306**  the  ionization  of  the  salts  is  63  per  cent  and  that  of  hydrochloric 
acid  60  per  cent.  The  ionization  of  nitric  acid,  however,  at  218*  and  above 
decreases  much  more  rapidly  than  hydrochloric  acid,  and  has  fallen  to  33 
per  cent  at  306'*.  This  marked  difference  in  the  behavior  of  the  two  acids 
at  the  high  temperatures  is  well  shown  by  the  conductance  plot  in  fig.  18. 
The  ionization  of  barium  hydroxide  decreases  a  little  more  rapidly  than 
the  average  ionization  of  the  two  salts,  barium  nitrate  and  potassium  sul- 
phate ;  thus  at  0.08  normal  that  of  the  base  is  83  per  cent  at  18*  and  65 
per  cent  at  156*,  while  that  of  the  salts  is  72"  per  cent  at  18*  and  60  per 
cent  at  156*. 

It  was  shown  in  the  last  section  that  the  exponent  in  the  functional 
relation  between  equivalent  conductance  and  concentration  in  the  case  of 
phosphoric  acid  has  values  (1.8  to  1.9)  which  approach  much  more  nearly 
to  the  value  (2.0)  required  by  the  mass-action  law,  but  do  not  entirely 
conform  to  it,  even  at  the  higher  temperatures  where  the  ionization  is  com- 
paratively small.  To  show  better  what  the  order  of  magnitude  of  this 
deviation  is,  and  to  furnish  a  better  basis  of  comparison  of  the  ionization- 
tendency  of  this  acid  with  that  of  other  weaker  acids,  we  have  summarized 
in  table  116  its  ionization-constants  calculated  by  the  usual  formula 
K  =  Cy^/{1  —  y),  the  concentration  C  being  here  expressed  in  formula- 
weights  per  liter,  and  the  constants  being  multiplied  by  10*. 

Table  ll^,-^Ion%xat%on-constanis  for  phosphoric  acid. 


Conceatrt- 
tion. 

loaisitkMKoatuati  X  10*. 

18». 

25«. 

50°. 

75». 

lOOP. 

12g°. 

156®. 

0.0125 

0.050 

0.100 

9,200 
10,400 
11,400 

!      8,700 
9,400 

1(^400 

1 

0,300 
7,000 
7,600 

4,300 
4,800 
5,300 

3,100 
3,400 
3,700 

1,960 
2,230 
2,460 

1,250 
1,420 
1,490 
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The  great  effect  of  temperature  in  reducing  the  ionization  of  this  acid 
will  be  apparent  from  an  inspection  of  these  constants  or  of  the  ionization 
values  themselves  given  in  table  114. 

The  values  given  for  sulphuric  acid  in  tables  114  and  116  show  the  per- 
centage of  the  total  hydrogen  which  exists  as  hydrogen-ion  tmder  the  two 
limiting  assumptions  that  the  acid  dissociates  on  the  one  hand  only  into 
hydrogen-ion  and  sulphate-ion  and  on  the  other  only  into  hydrogen-ion 
and  hydrosulphate-ion  (HSO4").  It  will  be  seen  that  the  two  limits  do 
not  differ  greatly  from  each  other,  except  at  the  highest  temperatures, 
and  therefore  that  the  uncertainty  as  to  the  hydrogen-ion  concentration, 
which  is  really  the  most  important  datum  relating  to  the  acid,  is  not  very 
large.  It  is  evident  that  this  hydrogen-ion  concentration  decreases  rapidly 
with  rising  temperature ;  for  example,  at  0.08  normal  from  about  66  per 
cent  at  18**  to  about  45  per  cent  at  100**  and  about  30  per  cent  at  306*,  if 
the  mean  values  be  taken. 

By  this  hydrogen-ion  concentration,  however,  not  much  light  is  thrown 
on  the  extent  to  which  the  two  stages  in  the  dissociation  take  place.  It 
might  seem  that  additional  information  in  regard  to  this  could  be  derived 
from  the  transference  determinations  made  at  11**,  23**,  and  96**  by  Bein* 
and  between  8**  and  32*  by  Tower.f  But  calculation  shows  that  the  trans- 
ference numbers  of  the  cathion  calculated  under  the  two  limiting  assump- 
tions of  dissociation  only  into  hydrogen-ion  and  sulphate-ion  and  of  disso- 
ciation only  into  hydrogen-ion  and  hydrosulphate-ion  (HSO4")  ^^  not 
differ  from  each  other  by  much  more  than  the  possible  experimental  error 
or  than  the  error  arising  from  the  uncertainty  in  the  values  to  be  assumed 
for  the  equivalent  conductance  of  the  separate  ions.J  The  conclusion  pre- 
viously drawn  by  one  of  us§  from  Tower's  transference  data  that  sulphuric 
acid  at  18**  up  to  0.2  normal  does  not  contain  an  important  quantity  of 
hydrosulphate-ion  is  therefore  not  justified  in  consideration  of  the  effect 
of  the  possible  errors. 

Further  light  is  thrown  on  the  ionization  relations  of  sulphuric  acid 
through  a  consideration  of  those  of  potassium  hydrogen  sulphate.  Con- 
clusions in  regard  to  the  hydrogen-ion  concentration  in  solutions  of  this 
salt  may  be  drawn  from  its  molal  conductance  (A),  provided  we  make 
certain  approximate  assumptions.    For,  designating  by  yi,  yj,  and  y,  the 

*Z.  phys.  Chem.,  27,  52  (1898).    tJ.  Am.  Chem.  Soc.,  26,  10  (1904). 

JThus  at  18°  assuming  Ah  =  315,  Aso.=:68,  and  Ahso»  =  35,  the  two  transference 
numbers  for  the  cathion  are  0.822  and  0.800,  while,  if  as  concluded  by  Noyes  &  Kato 
(see  section  116,  Part  XI)  Ah  =  335  (for  a  0.05  normal  solution),  the  two  transference 
numbers  become  0.831  and  0.811.  Tower  found  0.823  and  Bein  0.813  at  18^  The 
value  of  Ahso«  is  also  very  uncertain. 

§A.  A.  Noyes,  Z.  phys.  Gicm.,  53,  2r>l   (1905). 
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fraction  of  the  salt  which  dissociates  according  to  the  three  reactions 

KHSO,  =  K*  +  HSOr, 
KHSO,  =  K*  +  H*  +  SOr,  and 

2KHSO4  =  J3K*  +  SOr  +  H^SO^ 

respectively,*  it  is  evident  that 

A  =yi(AK  +  AH8O4)  +  yaC^K  +  Ah  +  ^A804)  +  VsC^K  +  A8O4) 
or,  putting  y  =  y^  +  y,  +  y„  that 

A  =  y (Ak  +  AH8O4)  +y  aC-A^H  +  2A8O4  —  AH8O4)  +  TsC^  SO4  —  AB8O4). 

Now  the  two  limiting  values  of  y^  are  zero  and  y  —  ya  (when  y^  =  o), 
whence  it  follows  that 

r.  < 


A  —  y  (Ak  +  AH8O4)  ^^^       v^  A  —  y(AK  +  A804) 


(Ah  +  A8O4)  +  (  A8O4  —  AHSO4) 


Ah  +  A8O4 


Limiting  values  of  y,,  the  fraction  dissociated  into  hydrogen-ion,  can 
be  calculated  in  this  way  from  the  data  presented  in  this  monograph  with 
the  help  of  the  assumptions  that  the  un-ionized  fraction  (1  —  y)  of  the 
salt  has  the  same  value  as  in  the  case  of  other  salts  of  the  uni-univalent 
type  at  the  same  concentration  and  temperature,  and  that  the  equivalent 
conductance  of  the  hydrosulphate-ion  is  the  same  as  that  of  the  acetate 
ion  at  the  same  temperature.  Table  117  contains  the  results  of  these 
calculations  f  for  four  concentrations  at  18**,  100*,  and  166**. 

♦The  dissociation  according  to  the  reactions  2KHSO*  =  K,SO*  +  H+  +  HSO*-  and 
2KHSO«  =  KsSO«  +  2H^4-SO«^  is  neglected  in  this  preliminarv  calculation;  but 
the  KsSO«  formed  must  be  small  in  most  cases  owing  to  the  small  concentration  of 
sulphate-ion. 

fThe  data  used  are  as  follows: 


\SP. 

100°. 

1660. 

Ak  +  Aio^  

188 

99 

84 

882 

848 

456 

887 
U8 
891 
778 

716 
620 
196 
U76 
960 

Ak  + Amso^ _. 

At04— Anto^ 

Ah  +  Aio^  .  , .. 

Ah  +  Anto.  . 

c *> 

A 

2 
46R 

0.97 

10. 
879 
0.91 

2 
784 
0.96 

10 
660 
0.92 

9 

764 
0.96 

10 
611 
0.91 

V •....< 

T  •*••• • 

c 

60 
296 
0.88 

100 
264 
0.86 

60 
422 
a86 

100 
876 
0.81 

60 
477 
0.8S 

100 
435 
0.79 

A 

V 

J  •..•.••.•*•...........••.•• 

The  values  of  A  are  copied  from  table  108.    Those  of  7  are  the  mean  ionizations 
for  potassium  and  sodium  chlorides  as  given  in  table  12,  Part  II. 
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Table  117. — Preliminary  values  of  the  percentage  ratio  (1007»)   of  hydrogen-ion 
concentration  to  total  hydrogen  concentration  in  solutions  of 

potassium  hydrogen  sulphate. 


Concentration. 

18°. 

lOOP. 

156° 

2 

10 

50 

100 

85-86 
67-69 
47-50 
40-43 

39-46 

18-27 

4-13 

1-10 

6-19 
0-10 
0-  3 
0-  2 

These  preliminary  values  are  given  here,  because  they  are  essential  to 
the  fuller  discussion  of  the  ionization-relations  of  sulphuric  acid  and  its 
acid  salt.  More  accurate  values  of  the  hydrogen-ion  concentration  in  solu- 
tions of  this  salt  are  derived  below  and  will  be  found  in  table  119. 

It  is  seen  from  these  results  that  at  18**  the  potassium  hydrogen  sulphate 
is  in  0.002  molal  solution  almost  completely  dissociated  into  hydrogen-ion 
and  sulphate-ion ;  but  that  in  0.1  molal  solution  this  dissociation  has  taken 
place  only  to  an  extent  of  42  per  cent,  the  rest  of  the  salt  existing  to  an 
extent  of  15  per  cent  as  un-ionized  KHSO4  ^^d  to  an  extent  of  43  per  cent 
either  as  HSO4"  or  as  H2SO4  -f  S04~.  At  100"  the  hydrogen-ion  concen- 
tration has  become  very  much  less  at  all  three  concentrations,  and  at  156* 
in  the  0.1  molal  solution  it  is  scarcely  appreciable.  This  justifies  the  con- 
clusion that  sulphuric  acid  itself  at  156""  and  above  is  at  moderate  dilutions 
dissociated  only  into  hydrogen-ion  and  hydrosulphate-ion ;  for  the  disso- 
ciation of  the  latter  ion  would  of  course  be  much  less  in  the  solution  of  the 
acid  than  of  its  acid  salt,  owing  to  the  presence  in  the  former  of  the  hydro- 
gen-ion coming  from  the  dissociation  of  the  first  equivalent  of  hydrogen. 
Since  under  these  conditions  sulphuric  acid  dissociates  as  a  monobasic 
acid,  it  is  of  interest  to  compare  its  ionization  with  that  of  hydrochloric 
acid  at  the  same  molal  concentration,  say  at  0.04  molal.  The  ionization  of 
sulphuric  acid  may  be  obtained  by  doubling  the  second  values  given  in 
tables  114  and  115,  that  of  hydrochloric  acid  by  interpolation  between  the 
values  given  for  other  concentrations  in  table  115  and  in  table  41,  section 
56,  Part  V.    The  ionization  values  for  the  0.04  molal  acids  are  as  follows : 


100°. 

156°. 

90 
90 

218°. 

306°. 

HCl 

92 
*96 

86 
84 

68 
74 

H.HSO4 

This  shows  that  the  two  acids  have  at  these  temperatures  not  far  from 
the  same  ionization-tendency  (with  reference  in  the  case  of  sulphuric  acid 
to  the  primary  dissociation,  that  is,  that  of  the  first  equivalent  of  hydro- 

^his  value  is  doubtless  a  little  too  high  because  of  slight  secondary  ionization. 
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gen) ;  and  it  may  reasonably  be  assumed  that  the  same  is  true  at  18°  and 
the  intermediate  temperatures. 

With  the  help  of  this  principle,  the  secondary  ionization  of  the  sulphuric 
acid  —  that  is,  the  ratio  of  the  sulphate-ion  concentration  to  the  total  sul- 
phuric acid  concentration  —  can  be  calculated  for  the  more  dilute  solu- 
tions and  for  the  lower  temperatures  by  means  of  the  relation 

C8O4  ^H  CH28O4   ^ 

where  C  represents  the  total  molal  concentration  of  the  sulphuric  acid, 
and  the  other  symbols,  the  molal  concentrations  of  the  separate  substances 
as  indicated  by  the  subscripts.  This  relation  follows  at  once  from  a  com- 
bination of  the  equations,  C  =  Choso*  +  CH8O4  +  ^so*  and  Ch  =  Chso^  + 
^  C8O4,  the  latter  of  which  is  an  expression  of  the  fact  that  hydrogen-ion  is 
produced  by  the  two  chemical  reactions  H2SO4  =  H+  -|-  HSO4"  and 
H2SO4  =  2  H*  +  S04^ 

We  have  first  made  a  preliminary  calculation  of  the  ratio  C^oJC  by 
the  above  expression  by  using  for  Ch/C  twice  the  mean  of  the  pairs  of 
values  given  in  table  114  of  the  ratio  of  the  hydrogen-ion  concentration  to 
the  total  hydrogen-concentration,  and  by  taking  for  CH28O4/C  the  values 
of  the  corresponding  ratio  for  hydrochloric  acid  as  derived  from  ionization 
data  given  in  table  41,  Part  V.  We  have  then  on  the  basis  of  this  result, 
which  shows  the  approximate  proportion  of  sulphate-ion  and  hydrosul- 
phate-ion  in  the  solution,  interpolated  a  more  correct  value  of  the  hydro- 
gen-ion concentration  between  the  two  limiting  values  given  in  tables  114 
and  115,  which,  it  will  be  remembered,  were  obtained  under  the  two 
limiting  assumptions  that  the  acid  dissociates  only  into  H*  and  804"^  and 
that  it  dissociates  only  into  H*  and  HSO4".*  Then  new,  final  values  of 
the  concentrations  of  the  sulphate-ion  and  hydrosulphate-ion  were  obtained 
by  repeating  the  calculation. 

The  values  derived  through  these  considerations  are  all  brought  together 
in  table  118.  It  will  be  understood,  of  course,  that  they  are  only  rough 
approximations.  The  concentrations  are  milli-formula-weights  per  liter, 
in  accordance  with  the  formula  represented  by  the  subscripts.  The  symbol 
C  represents  the  total  concentration  of  the  acid  in  milli-formula-weights 
of  H2SO4  per  liter.  But  in  calculating  the  values  of  the  ionization-con- 
stant  given  in  the  last  column,  the  concentrations  are  all  expressed  in 
formula-weights  (not  milli-fonnula- weights)  per  liter. 

"^Designating  these  two  limiting  values  (multiplied  by  2)  by  C^/C  and  C^/C, 
respectively,  it  can  be  readily  shown  by  formulating  the  exact  conductance  equations 
that  we  get  for  the  true  value  of  Ch/C: 

Ch  Ch    I   CHgo4  I  Ch"""Ch  I Ch 2Cgo4  |  Ch"~Ch  \ 

C""C"^     C     \c"     /Q         C     Vc'      '^ 
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Table  118. — The  ionisation-relations  of  sulphuric  acid. 


Temperatare. 

Concentra- 
tion. 

100  Cm 
C 

100  CH^tOf 

100  Chso^ 

100  Cto^ 
C 

lO^CM-Cto^ 
Cwto^ 

c 

18 

1 

185 

1 

13 

86 

(12.000)          ' 

5 

165 

2 

31 

67 

18,000 

25 

137 

5 

53 

42 

27,000 

50 

127 

6 

61 

33 

34,000 

100 

1 

136 

2 

60 

38 

860 

5 

111 

4 

80 

16 

1,100 

25 

98 

7 

88 

5 

1,390 

50 

95 

9 

87 

4 

(2,200) 

156 

1 

106 

3 

88 

9 

110            , 

5 

97 

5 

93 

2 

100 

25 

89 

9 

93 

-2 

1 

50 

88 

12 

88 

0 

218 

1 

96 

3 

98 

-1 

5 

•  • 

6 

•  • 

•  • 

40 

85 

14 

87 

(-1) 

306 

1 

97 

5 

(93) 

(2)» 

40 

70 

32 

(66) 

(2)» 



*These  values  probably  arise  from  experimental  error. 

We  may  next  consider  the  ionization-relations  of  the  potassium  hydro- 
gen sulphate.  It  follows  from  the  principle  that  the  primary  ionization 
of  the  sulphuric  acid  is  the  same  as  that  of  hydrochloric  acid  that  the 
concentration  of  the  un-ionized  sulphuric  acid  is  always  so  small  in  the 
solutions  of  the  potassium  hydrogen  sulphate  that  the  calculation  of  the 
hydrogen-ion  concentration  made  under  the  assumption  that  the  former 
concentration  (or  ys)  ^s  zero  is  substantially  correct,  and  therefore  that  the 
second  or  larger  numbers  given  in  table  117  are  more  nearly  the  true 
values  for  the  hydrogen-ion  concentration.  In  order  to  get  fairly  accurate 
values  for  the  sulphate-ion  and  hydrosulphate-ion  concentrations  in  solu- 
tions of  the  salt,  it  is,  however,  desirable  to  form  an  estimate  of  the  concen- 
tration of  the  un-ionized  sulphuric  acid  (H2SO4)  and  the  un-ionized  potas- 
sium sulphate  (K2SO4).  As  the  latter  was  entirely  disregarded  in  the 
previous  calculation,  a  more  accurate  value  of  the  hydrogen-ion  concentra- 
tion will  also  be  thereby  obtained. 

In  deriving  these  final  values  we  have  proceeded  as  follows.  We  make 
the  preliminary  assumption  that  C8O4  =  Cn  (taking  for  Ch/C  the  larger 
of  the  two  values  given  in  table  117),  and  that  Chso^  =  Cy  —  Cso*. 
Applying  then  the  mass-action  principle*  that  in  a  mixture  of  two  sub- 
stances with  a  common  ion  the  un-ionized  fraction  of  each  is  the  same  as 

♦That  this  principle  is  also  applicable  to  salts  of  these  types,  even  though  the 
change  of  their  ionization  with  the  concentration  does  not  conform  to  the  mass- 
action  law,  has  been  shown  by  Noyes  (Z.  phys.  chem.,  52,  634,  1905). 


Section  p/. — Ionization  of  the  Substances.  27^ 

if  it  were  alone  present  at  such  a  concentration  that  its  ions  are  at  a  con- 
centration equal  to  that  of  the  common  ion  in  the  mixture,  we  determine 

the  ratios  ^ --x~^ —  ^^^  75 r^ "^y  reference  to  the  ioniza- 

CK28O4  +  CSO4  CKH8O4  -T  tH804 

tion  values  given  in  table  27,  Part  IV,  and  in  table  12,  Part  II,  for  potas- 
sium sulphate  and  for  potassium  chloride,  respectively,  at  the  same  concen- 
tration of  the  total  potassium.*  In  a  similar  way  we  obtained  the  ratio 
Ch2S04/(Ch2804  +  CH8O4)  by  determining  from  the  data  given  in  table  118 
the  value  of  this  ratio  for  sulphuric  acid  when  present  alone  in  a  solution 
in  which  the  hydrogen-ion  concentration  is  the  same  as  that  in  the  solution 
of  the  acid-salt  under  consideration.  From  these  ratios  and  the  prelimi- 
nary values  of  C8O4  and  Chso4,  ^^^  values  of  CK2SO4,  Ckhso4)  ^^^  CH28O4 
are  calculated.  From  these  Ck  is  also  obtained  by  means  of  the  equation 
Ck  +CKH8O4  +  2  CK28O4  =  C,  where  C  is  the  molal  concentration  of  the 
potassium  hydrogen  sulphate.     It  follows  now  from  the  two  equations, 

Ch  +  Chso4  +  CKH8O4  +  2  CH28O4  =  C 
and  C8O4  +  CH8O4  +  CKHSO4  +  CH2SO4  +  CK28O4  =  C, 
that  C8O4  =  Ch  +  CH2SO4  —  CK28O4 
and  CHSO4  =  C  —  Ch  —  2  CH28O4  —  CKH8O4. 
We  have  then  calculated  final  values  of  Ch  by  the  following  equation, 
which  expresses  the  molal  conductance  A  of  the  salt  in  terms  of  the 
equivalent  conductances  and  molal  concentrations  of  the  separate  ions, 
CA  =  CkAk  +  ChAh  +  CH8O4AH8O4  +  2  C8O4A8O4.  In  this  equation  all  the 
quantities  except  Ch  are  known  or  can  be  expressed  in  terms  of  Ch  and 
known  quantities  with  the  help  of  the  two  preceding  equations.     The 
equation  then  becomes 

-y^  (  Ah  +  A8O4  +  A8O4  —  AH8O4)  =  A —  (  Ak  +  AH8O4)  + 

From  the  values  of  Ch/C  so  obtained  we  have  finally  calculated  Cw^JC 


"^Whether  one  considers  the  ionization  at  the  same  concentration  of  the  potassium- 
ion  or  of  the  total  potassium  makes  no  substantial  difference. 
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and  CusOi/C  by  the  two  equations  just  referred  to.*  All  the  final  values 
are  brought  together  in  table  119.  The  symbols  represent  the  concentra- 
tions in  milli -formula- weights  per  liter  of  the  substance  indicated  by  the 
subscripts,  except  that  in  calculating  the  ionization-constants  formula- 
weights  instead  of  milli-formula-weights  were  used. 


Table  119. — The  ionization-relations  of  potassium  hydrogen  sulphate. 


Tera- 
prtt- 
ture. 

Concen-I 
tration 
(O     ' 

100  Gc 

c 

100  Cn 

lOOCtOf 

'  100  Ofto^ 

c 

100  CHgtOf 

c 

100  Gc,i04 
C 

IOOCkhio^ 

10«Cii.Cso« 

C 

c 

C 

Chso^ 

18 

2 

90 

89 

84    :       11 

0 

5 

0         >    13,600 

10 

81 

74 

65 

25 

0 

9 

1 

19,000 

50 

70 

57 

46 

35 

2 

13 

4 

37,000 

300 

63 

51 

38 

38 

o 

15 

7 

51,000       j 

100 

2 

86 

50 

45 

46 

1 

0 

2 

980     ; 

10 

81 

31 

26              60 

2 

7 

5 

1,340 

50 

76 

17 

14 

65 

3 

6 

12 

1.830 

100 

71 

14 

10 

65 

3 

7 

15 

2,160 

156 

2 

83 

22 

19     i         72 

1 

4 

4 

116 

10 

86 

12 

11              76 

2 

3 

8 

174 

50 

79 

5 

4 

76 

2 

3 

15 

.«.•■•     ' 

100 

75 

3 

3 

72 

3 

3 

19 



An  examination  of  the  values  of  100  CmJC  in  tables  118  and  119  shows 
that  the  secondary  ionization  of  the  sulphuric  acid  into  hydrogen-ion  ami 
sulphate-ion  at  18°  is  fairly  complete  in  0.002  molal  solution  and  that  it  is 
large,  though  far  from  complete,  in  0.05  molal  solution;  also  that  with 
rising  temperature  this  secondary  ionization  decreases  ver>'  fast  and 
becomes  scarcely  appreciable  in  the  stronger  solutions  at  156**.  Although 
the  values  of  the  ionization-constant  given  in  the  last  column  of  the  tables 
var>'  considerably  with  the  concentration  —  probably  owing  mainly  to  the 
fact  that  the  ionization  is  so  large  and  partly,  especially  at  the  higher  tem- 
peratures, to  experimental  errors  —  yet  the  effect  of  temperature  upon 

*In  these  calculations  the  following  data,  obtained  from  the  three  tables  mentioned 
just  above,  were  used,  in  addition  to  those  given  in  the  foot-note  to  table  117  and 
that  table  itself: 


Temper- 

Concentra- 

IOOTkhio^ 

100  ^K^IO^ 

100  C  HglOf 

ature. 

tion  (C). 

"  Ch80,. 

Cio,. 

C  H80^. 

18 

2 

8 

6 

1 

10 

6 

1ft 

2 

50 

14 

80 

4 

100 

18 

89 

5 

100 

2 

4 

13 

1 

10 

9 

25 

2 

50 

18 

41 

4 

100 

28 

61 

5 

156 

2 

5 

18 

2 

10 

10 

83 

8 

ftO 

21 

61 

a 

100 

27 

78 

4 
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them  is  seen  to  be  extremely  large;  thus  at  0.01  molal  concentration  the 
constants  are  about  18  times  as  great  at  IS""  as  at  100^,  and  8  times  as 
great  at  100**  as  at  166^ 

The  fair  agreement  at  the  same  concentration  and  temperature  of  the 
constants  derived  from  the  conductance  data  for  the  acid  and  from  those 
for  the  acid  salt  is  also  noteworthy ;  for,  in  consideration  of  the  different 
kinds  of  data  and  of  approximate  asstmiptions  involved  in  the  computa- 
tions, this  agreement  is  evidence  of  the  substantial  correctness  of  the 
results.  In  this  connection  it  may  also  be  mentioned  that  our  value  (31 
per  cent)  for  the  hydrogen-ion  concentration  at  100**  in  a  0.01  molal 
solution  of  potassium  hydrogen  sulphate  agrees  almost  completely  with 
the  value  (31.5  per  cent)  found  by  Trevor*  for  0.01  molal  sodium  hydro- 
gen sulphate  from  a  study  of  its  catalytic  effect  on  the  inversion  of  cane 
sugar. 

The  heat  of  ionization  of  the  hydrosulphate-ion  can  be  estimated  in  two 
ways:  first,  from  the  change  of  its  ionization-constant  with  the  tempera- 
ture ;  and  second,  from  existing  heat-of-neutralization  measurements  com- 
bined with  our  ionization  values.  Partly  for  the  sake  of  a  knowledge  of 
this  quantity  itself,  and  partly  because  an  agreement  of  the  values  obtained 
in  the  two  ways  would  furnish  further  evidence  of  the  correctness  of  the 
ionization  values  derived  above,  it  seems  worth  while  to  describe  these 
calculations  and  their  results. 

By  integrating  the  well-known  equationf  derived  from  the  Second  Law 

of  Energetics — -^ — =^-^=^  under  the  assumption  that  the  internal- 
energy-increase  Af/  attending  the  reaction  is  a  linear  function  of  the  tem- 
perature as  expressed  by  the  equation  A£/  =  Af/©  +  f^T,  we  obtain  the 
expression : 

log  -^-  a  log  ^  =-^  KYrfJ 

By  substituting  in  this  the  values  of  the  ionization-constant  K  in  one  case 
at  100*  and  18*  and  in  another  case  at  156**  and  100*t  two  simultaneous 


♦Z.  phys.  Chcm.,  10,  342  (1892). 

fThe  application  of  this  equation  to  a  substance,  likd  hydrosulphate-ion,  whose 
dissociation  docs  not  follow  the  mass-action  law,  can  hardly  give  accurate  results; 
but  it  seems  probable  that  it  will  yield  a  rough  approximation  to  the  truth,  at  any 
rate  in  the  case  of  a  substance  having  an  ionization  intermediate  between  that  of 
salts  and  that  of  weak  acids,  provided  the  values  of  K  at  the  two  temperatures  be 
taken  at  the  same  concentration. 

JAs  values  of  K  at  100**  and  18"  we  have  used  the  means  of  the  values  derived 
from  the  data  for  the  0.005  molal  acid  and  for  the  0.01  molal  acid-salt;  namely, 
1220  X  10-«  at  100",  and  18500  X  10~«  at  18" ;  and  as  vahies  of  K  at  156*  and  100  we 
have  used  the  corresponding  means  at  0.001  and  0.002  molal ;  namely,  115  X  10-* 
at  156",  and  920  X  10-«  at  100".  We  have  Ukcn  for  R  the  round  value  2  calories 
per  degree. 
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equations  were  obtained,  from  which  the  values  of  AC/^  and  a  in  calories 
were  calculated  and  found  to  be  14,170  and  -32.5,  respectively.  From 
these  constants  the  value  of  A  f/  is  found  to  be -4,760  calories  at  18**  and 
-10,070  calories  at  100**.  These  values  represent  the  heat  absorbed  when 
the  reaction  HSO4"  =  H*  -|-  SO^^  takes  place  in  the  direction  from  left 
to  right,  the  negative  sign  showing  of  course  that  heat  is  in  reality  evolved. 

To  compute  this  same  energy-change  by  the  second  method  mentioned 
above,  we  used  the  thermochemical  data  of  Thomsen*  which  show  that, 
when  at  18°  one  mol  of  NaOH  dissolved  in  100  mols  of  water  is  added 
to  one  mol  of  NaHS04  dissolved  in  200  mols  or  3600  grams  of  water, 
16,630  calories  are  evolved.  Subtracting  from  this  the  mean  value, 
13,770  calories,  found  by  Wormannf  at  18*  for  the  heat  of  neutralization 
of  nitric  and  hydrochloric  acids  by  sodium  and  potassium  hydroxides,  we 
get  2860  calories,  which  represents  approximately  the  heat  evolved  by 
the  ionization  of  that  quantity  of  HSO4  which  exists  as  ion  and  as  un- 
ionized KHSO4  or  H2SO4  in  the  acid  sulphate  solution  employed,  it  being 
assumed  that  the  small  heat-effect  attending  the  dissociation  of  the 
un-ionized  KHSO4  or  H2SO4  into  HSO4"  and  K*  or  H*  is  nearly  com- 
pensated by  the  heat-effect  attending  the  formation  out  of  its  ions  of  the 
new  quantity  of  un-ionized  K2SO4  resulting  after  the  neutralization. 
Now,  the  acid  sulphate  solution  under  consideration  was  about  0.28 
molal ;  and  our  results  recorded  in  table  119  show  that  a  0.05  molal  solu- 
tion contains  41  per  cent  and  a  0.1  molal  solution  47  per  cent  of  the  salt 
in  the  three  forms  just  mentioned.  From  these  last  data  we  may  con- 
clude that  the  corresponding  percentage  in  a  0.28  molal  solution  would 
almost  certainly  lie  somewhere  between  54  and  60.  Assuming  the  mean 
value  of  57  per  cent,  we  obtain  for  the  heat  absorbed  when  one  mol  of 
hydrosulphate-ion  dissociates  at  18°  -2,860/0.57  or  -5,020  calories,  a  value 
which  agrees  with  that  (-4,750  calories)  derived  from  the  ionization-con- 
stants  fully  as  closely  as  could  be  expected,  considering  the  character  of 
the  data  involved. 

The  ionization-constant  of  the  hydrosulphate-ion  is  still  so  large  at 
lof)°  (115  X  10  *)  that  neutral  sulphates  of  strong  bases  would  not  be 
appreciably  hydrolyzed  at  this  temperature,  even  at  a  concentration  of 
0.002  normal.  To  determine  whether  this  is  still  the  case  at  the  higher 
temperature  of  218°  has  an  important  bearing  on  the  interpretation  of 
the  conductivity  results  obtained  with  potassium  sulphate  by  Noyes  and 
Melcher  (section  44,  Part  IV).  Assuming  that  the  heat  of  ionization  of 
hydrosulphate-ion  continues  to  change  with  the  temperature  according 
to  the  linear  equation  derived  from  the  ionization  data  at  18**,  100**,  and 

♦Thermochemische  Untersuchungen,  1,  100-102  (1882). 
tDrude's  Ann.  Phys.,  18,  793  (1905). 
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156**,  its  ionization-constant  can  be  calculated  by  the  integrated  equation 
given  above.  Such  a  calculation  leads  to  a  value  of  12  X  10^  at  218** ; 
and  from  this  and  the  ionization-constant  of  water  determined  by  Sos- 
nan  (section  86,  Part  VII)  the  hydrolysis  (CHSO4/CSO4)  of  potassium  sul- 
phate at  0.002  normal  at  218**  is  found  to  be  0.04  per  cent.  Though  these 
values  are  to  be  regarded  only  as  rough  estimates,  yet  they  show  that  the 
hydrolysis  of  potassium  sulphate  is  insignificant  under  these  conditions. 
Finally  it  may  be  mentioned  that  this  value  of  the  ionization-constant 
would  signify  that  in  a  0.002  normal  sulphuric  acid  solution  at  218"*  the 
secondary  ionization  (C8O4/CH8O4)  amounts  to  only  1.3  per  cent. 

98.    SUMMARY. 

In  this  article  have  been  presented  the  results  of  conductance  measure- 
ments with  dilute  solutions  of  nitric,  sulphuric,  and  phosphoric  acids, 
potassium  hydrogen  sulphate,  and  barium  hydroxide  at  25"*  or  28°  inter- 
vals between  18**  and  156**,  and  with  solutions  of  nitric,  hydrochloric,  and 
sulphuric  acids  at  218^  260%  and  306%  The  final  values  will  be  found 
in  tables  108  and  109,  section  95.  Some  6i  these  have  been  plotted  in 
figure  18,  on  page  266. 

The  general  conclusions  to  be  drawn  from  the  results  may  be  stated 
as  follows: 

The  equivalent  conductance  of  completely  ionized  acids,  which  has 
already  been  shown  by  Noyes  and  Cooper  to  approach  that  of  neutral 
salts  up  to  218°  continues  to  do  so  up  to  at  least  306**,  where,  for  example, 
the  ratio  of  that  for  hydrochloric  acid  to  that  for  potassium  chloride  has 
become  1.27  (instead  of  2.91  at  18°  and  1.53  at  218**). 

The  equivalent  conductance  (A),  and  therefore  also  the  ionization  (y), 
of  hydrochloric  a<iid,  nitric  acid,  the  barium  hydroxide  change  with  the 
concentration  (C)  according  to  the  same  empirical  law,  C(A^  —  A)  = 
K(CA)^  or  C(l  —  y)  =  X'(Cy)*  with  n  approximately  1.5,  as  holds 
true  in  the  case  of  salts.  The  ionization  of  all  of  them  (see  tables  114 
and  115,  section  97)  decreases  steadily  with  the  temperature,  and  up  to 
156**  by  about  the  same  amount  as  with  neutral  salts  of  the  same  ionic 
type ;  the  same  is  true  of  hydrochloric  acid  up  to  306**,  but  the  ionization 
of  nitric  acid  between  218°  and  306°  decreases  much  more  rapidly,  so 
that  it  is  only  33  per  cent  instead  of  about  60  per  cent  in  0.08  normal 
solution  at  306". 

Dilute  nitric  acid  at  218°  and  306°  exhibited  a  somewhat  remarkable 
chemical  behavior,  in  that  it  sometimes  underwent  almost  complete  decom- 
position, apparently  into  nitrogen  (or  nitrous  oxide),  oxygen,  and  water, 
when  this  decomposition  once  got  started  through  the  presence  of  a  minute 


28o  Conductivity  of  Aqueous  Solutions, — Part  VIII . 

quantity  of  some  impurity  —  a  behavior  analogous  to  that  observed  in  the 
case  of  silver  nitrate  by  Noyes  and  Melcher. 

Phosphoric  acid,  which  is  only  moderately  ionized,  shows  a  behavior 
with  respect  to  change  with  the  concentration  which  is  intermediate 
between  that  of  the  largely  ionized  acids  and  salts  and  that  required  by  the 
mass-action  law,  the  value  of  the  exponent  n  in  the  concentration  function 
being  1.8-1.9.  Its  ionization  decreases  rapidly  with  rising  temperature 
(in  0.1  normal  solution  from  28.5  per  cent  at  18**  to  17.5  at  100®  and  11.6 
at  156*^)  ;  but  this  does  not  seem  to  be  accompanied  by  a  closer  conformity 
to  the  mass-action  law.  Its  ionization-constants  calculated  by  that  law 
(which  vary  considerably  with  the  dilution)  are  at  0.1  normal  11,400  X 
10-«  at  18°,  3,700  X  lO"*  at  100%  and  1,490  X  lO"*  at  156%  the  values  for 
acetic  acid  and  for  chloracetic  acid  at  25**  being  18  X  10"*  and  1,550  X  10"* 
as  detennined  by  Ostwald. 

The  interpretation  of  the  results  obtained  with  sulphuric  acid  is  com- 
plicated by  the  fact  that  the  ionization  doubtless  takes  place  in  two  stages ; 
but  it  has  been  shown  that  it  is  possible  to  determine  the  hydrogen-ion 
concentration  within  fairly  narrow  limits  from  the  conductance  alone, 
without  knowledge  of  the  extent  to  which  the  separate  stages  occur.    The 
ratio  of  the  hydrogen-ion  to  the  total  hydrogen  of  the  acid  is  thus  found 
to  vary  in  0.08  normal  solution  from  about  66  per  cent  at  18®  to  48  at 
100**  and  36  at  306°.    Similar  calculations  of  the  hydrogen-ion  concentra- 
tion have  been  made  in  the  case  of  potassium  hydrogen  sulphate.    These 
show  that  in  0.1  molal  solution  at  156**  the  hydrogen-ion  concentration  is 
not  more  than  3  per  cent;  and  this  justifies  the  conclusion  that  the  second- 
ary ionization  of  sulphuric  acid  (into  hydrogen-ion  and  sulphate-ion)  in 
its  own  moderately  concentrated  solutions  is  also  insignificant  at  this  tem- 
perature and  higher  temperatures.    Interpreted  with  the  help  of  this  con- 
clusion, the  conductivity  data  for  the  acid  show  that  the  primary  disso- 
ciation (into  hydrogen-ion  and  hydrosulphate-ion)  is  about  the  same  as 
that  of  hydrochloric  acid  at  temperatures  between  100**  and  306® ;  and  it 
is  reasonable  to  suppose  that  the  same  is  true  at  lower  temperatures  down 
to  18**.    With  the  help  of  this  principle  the  ionization  of  the  hydrosulphate- 
ion  at  18**,  100**,  and  156**  in  the  solutions  both  of  the  acid  and  acid  salt 
has  been  computed;  the  final  results  will  be  found  in  tables  118  and  119, 
in  section  97.     This  ionization  is  thus  found  to  be  large  at  18* ;  but  it 
decreases  very  rapidly  with  the  temperature.    Thus  in  a  0.1  molal  potas- 
sium hydrogen  sulphate  solution  equal  quantities  of  sulphate-ion  and 
hydrosulphate-ion  are  present;  while  at  100**  there  is  only  15  per  cent,  and 
at  156**,  4  per  cent,  as  much  sulphate-ion  as  hydrosulphate-ion  in  the  solu- 
tion.   Only  rough  values  of  the  lonization-constant  of  the  hydrosulphate- 
ion  into  hydrogen-ion  and  sulphate-ion  can  be  given,  since  they  vary  very 
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much  with  the  concentration :  some  idea  of  its  magnitude  is  furnished  by 
the  following  values  which  hold  at  about  0.01  molal  (or  0.002  molal  at 
156")  ;  18,500  X  10-«  at  18^  1.220  X  10-«  at  100%  and  115  X  10-«  at  156% 
whereas  the  ionization-constant  for  acetic  acid  at  18**  is  18  X  10~'.  From 
the  change  of  the  ionization-constant  with  the  temperature,  the  heat 
absorbed  (AU)  by  the  reaction  HSO4"  =  H*  +  SO4''  has  been  found  to  be 
given  by  the  expression :  At/  =  14,170  —  65  T,  where  T  represents  the 
absolute  temperature.  From  this  it  follows  that  the  value  at  18**  is  -4,750 
calories  and  at  100**,  -10,070  calories,  while  from  Thomsen's  heat-of- 
neutralization  measurements  and  our  ionization  data  the  value  -5,020 
calories  is  derived. 
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IONIZATION   OF  WATER  AT   0\  18°,  AND   25°  DERIVED  FROM 

CONDUCTIVITY  MEASUREMENTS  OF  THE  HYDROLYSIS  OF  THE 

AMMONIUM  SALT  OF  DIKETOTETRAHYDROTHIAZOLE. 


99.    OUTUNE  OF  THE  INVESTIGATION. 

The  degree  of  ionization  of  water  at  ordinary  temperatures  has  been 
determined  by  a  number  of  different  methods  —  namely  (1)  from  the 
hydrolysis  of  sodium  acetate*  as  derived  from  the  rate  at  which  it 
saponifies  an  ester,t  and  from  that  of  aniline  acetatej  as  derived  from 
conductivity  measurements  §  ;  (2)  from  the  rate  of  saponification  of 
methyl  acetate  by  water  itself  ||  ;  (3)  from  the  electromotive  force  of  the 
alkali-acid  hydrogen  cell  ^  ;  and  (4)  from  the  conductivity  of  the  purest 
water  thus  far  obtained.**  Although  these  entirely  independent  measure- 
ments have  all  given  for  the  ionization  of  water  values  of  the  same  order 
of  magnitude  and  have  thereby  furnished  one  of  the  most  striking  evi- 
dences of  the  Ionic  Theory,  yet  for  none  of  the  values  so  obtained  can 
any  considerable  percentage  accuracy  be  claimed.  It  has  therefore  seemed 
advisable  to  make  a  special  study  of  this  constant  at  ordinary  temperatures 
by  the  same  method  that  has  been  employed  at  higher  temperatures  by 
Noyes  and  Kato  (see  Part  VI)  and  by  Sosman  (Part  VII),  that  is,  by 
measuring  the  increase  in  conductance  produced  by  adding  to  a  partially 
hydrolyzed  salt  of  a  weak  acid  and  a  weak  base  an  excess  of  the  acid 
or  of  the  base,  whereby  the  hydrolysis  is  reduced. 

In  calculating  from  such  data  the  ionization  of  water  a  knowledge 
of  the  ionization-constants  of  the  acid  and  the  base  and  of  the  degree  of 
ionization  of  the  salt  is  also  necessary. 

The  salt  selected  for  this  purpose  must  be  sufficiently  hydrolyzed  to 
give  rise  to  a  marked  change  in  the  unhydrolyzed  portion  of  it  when  the 
excess  of  acid  or  base  is  added.  On  the  other  hand,  both  the  acid  and 
base  of  the  salt  must  be  strong  enough  to  permit  their  ionization-constants 
to  be  directly  and  accurately  determined  by  conductivity  measurements. 
An  examination  of  the  available  substances  previously  investigated  seemed 
to  show  that  ammonium  hydroxide  was  the  most  suitable  base,  and  that 

♦Arrheniiis,  Z.  phys.  Chem.,  11,  822  (1893). 
tShields,  ibid,  12,  184  (1893). 

JArrhenius,  ibid.,  5,  19  (1890)  ;  Bredig,  ibid.,  11,  829  (1893). 
§  Walker,  ibid.,  4,  334  (1889). 
IJWijs,  ibid.,  11,  492  (1893). 

fOstwald,  ibid.,  11,  521  (1893);  Nemst,  ibid.,  14,  155  (1894);  Lowenherz,  ibid., 
20,  293  (1896). 
"^"^Kohlrausdi  and  Heydweiller,  ibid.,  14,  330  (1894). 
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diketotetrahydrothiazole  was  the  most  suitable  acid.    This  acid  has  also 
been  called  dioxythiazole  and  mustard-oil  acetic  acid,  and  has,  according  to 

CO  —  CH,^ 
the  investigation  of  Hantzsch,*  the  structuret     I  S.    The  base 

NH  — co- 
has  at  25**  an  ionization-constant  of  18.1  X  lO'  and  the  acid  one  of 
0.181  X  lO"',  and  their  salt  a  hydrolysis  of  about  4  per  cent,  as  the  meas- 
urements presented  below  show.  This  base  is  more  easily  obtained  pure 
than  any  other  base  of  similar  strength ;  and  the  acid  can  be  readily  pre- 
pared in  quantity  from  thiourea  and  chloracetic  acid.  It  is,  however,  so 
weak,  that  its  salt  is  about  ten  times  as  much  hydrolyzed  as  ammonium 
acetate  (which  is  0.4  per  cent  hydrolyzed  at  25*)  ;  and  yet  it  is  strong 
enough  to  have  a  conductance  which  can  be  fairly  accurately  determined, 
though  it  lies  near  the  limit  in  this  respect. 

In  detail,  therefore,  this  investigation  has  consisted  in  the  preparation 
and  purification  of  the  diketotetrahydrothiazole  and  the  determination  of 
its  ionization  by  conductivity  measurements  at  0**,  18**,  and  25**  at  various 
concentrations,  in  corresponding  measurements  with  ammonium  hydrox- 
ide, and  in  measurements  at  these  three  temperatures  of  the  conduct- 
ance of  the  salt  at  0.02  and  0.05  normal  both  in  water  alone  and  in  the 
presence  of  about  the  equivalent  amount  and  half  the  equivalent  amount 
of  the  free  acid  and  of  the  free  base  in  separate  experiments.  In  order 
to  determine  the  conductance  of  the  completely  ionized  acid  and  salt, 
measurements  were  also  made  with  the  latter  at  a  concentration  of  0.002 
normal. 

100.    PREPARATION  OF  THE  SUBSTANCES  AND  SOLUTIONS. 

The  diketotetrahydrothiazole  was  prepared  as  described  by  VolhardJ 
by  heating  together  thiourea  and  chloracetic  acid  in  aqueous  solution. 
The  product  was  purified  by  a  large  number  of  crystallizations  from 
methyl  alcohol  and  from  water.  No  boneblack  was  used.  The  crystalli- 
zation from  water  was  continued  until  the  sample  was  perfectly  white 
and  no  further  change  in  conductance  was  produced,  as  will  be  shown 
in  section  102.  The  last  crystallizations  were  made  from  conductivity  water 
in  platinum  vessels,  and  the  crystals  were  filtered  out  and  dried  at  100** 
in  a  platinum  Gooch  crucible  in  purified  air.  A  portion  of  the  product 
so  dried  was  finely  powdered  and  kept  in  a  desiccator  over  sulphuric  acid 
for  several  weeks ;  it  lost  only  a  few  hundredths  of  1  per  cent  in  weight, 
showing  that  it  was  dry.  The  melting-point  of  the  purified  sample  was 
found  to  be  123.4". 


♦Bcr.  d.  chcm.  Gcs.,  20,  3129  (1887). 

tEven  assuming  that  this  substance  exists  in  part  in  the  desmotropic  "enol"  form, 
this  would  make  no  difference  in  the  values  of  the  ionization  of  water  derived  from 
the  study  of  its  equilibria;  for  the  concentrations  of  the  two  forms  must  be  under 
all  circumstances  proportional  to  each  other. 

tJ.  prakt.  Chem.  (2)  9,  6  (1874). 
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The  solutions  of  the  acid  were  always  prepared  just  before  the  con- 
ductance was  measured  by  dissolving  weighed  portions  of  it  in  a  known 
weight  of  conductivity  water  in  a  Jena  flask.  The  solutions  were  pre- 
pared and  transferred  to  the  conductivity  vessel  in  contact  with  only 
purified  air.  The  water  used  for  dissolving  the  acid,  and  in  general 
throughout  this  investigation,  had  at  18**  a  specific  conductance  which 
always  lay  between  0.15  and  0.60  X  10''  reciprocal  ohms.  The  solutions 
of  the  acid  even  when  kept  for  several  hours  in  the  conductivity-vessel 
showed  a  change  in  conductance  of  not  more  than  0.1  per  cent. 

The  ammonium  hydroxide  solution  used  was  an  approximately  0.1 
normal  one  made  by  diluting  with  conductivity  water  a  special  sample 
of  strong  ammonia  water  (spec,  g^v.,  0.90)  furnished  by  the  Baker  & 
Adamson  Chemical  Co.  and  certified  to  be  free  from  amines,  carbonates, 
and  silicates.  The  solution  was  titrated  by  running  a  slight  excess  of  it 
directly  into  a  known  weight  of  standard  hydrochloric  acid,  and  running 
back  to  the  end-point  with  hydrochloric  acid  with  the  help  of  methyl 
orange.  The  solutions  were  all  measured  by  weight,  not  by  volume. 
The  hydrochloric  acid  was  itself  standardized  by  precipitating  a  known 
weight  of  it  with  silver  nitrate  and  weighing  the  silver  chloride.  The 
solution  was  kept  in  a  two-liter  "non-sol"  bottle  (furnished  by  Whitall, 
Tatum  &  Co.).  To  protect  it  from  evaporation  and  contamination 
it  was  connected  through  another  bottle  of  ammonium  hydroxide  solu- 
tion of  the  same  strength  with  a  long  soda-lime  tube  through  which 
air  was  admitted  when  samples  were  withdrawn.  The  solution  was  trans- 
ferred through  delivery  tubes  into  the  conductivity  vessel  or  into  a  Jena 
flask  in  which  it  was  diluted  or  mixed  with  the  acid  solution,  in  contact 
with  only  purified  air.  In  order  to  use  comparatively  fresh  solutions  for 
the  measurements,  a  new  stock  solution  was  prepared  in  the  same  way  in 
the  course  of  the  experiments,  so  that  the  solution  employed  was  never 
more  than  ten  days  old.  Determinations  of  the  alkaline  strength  showed 
that  during  this  period  the  change  in  it  was  less  than  0.1  per  cent. 
The  conductance  of  this  solution  was  found  to  be  substantially  identical 
with  that  of  one  prepared  from  liquid  ammonia  by  Mr.  R.  B.  Sosman. 

The  solutions  of  the  salt,  both  alone  and  with  an  excess  af  acid  or  base, 
were  prepared  by  introducing  into  a  Jena  flask  provided  with  a  perforated 
ground-glass  stopper  and  filled  with  purified  air  a  weighed  quantity  of  the 
solid  acid,  and  then  introducing  without  opening  the  flask  the  proper 
quantity  of  conductivity  water  and  of  the  stock  ammonium  hydroxide 
solution  to  produce  as  nearly  as  possible  any  desired  round  concentrations. 
These  were  in  general  attained  within  0.1  or  0.2  per  cent,  but  the  exact 
concentration  was  always  considered. 

The  content  by  weight  of  the  various  solutions  obtained  as  above 
described  was  reduced  to  volume  concentration  by  means  of  the  density 
of  the  solution,  which  in  the  case  of  the  acid  or  salt  solutions  was  calcu- 
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lated  from  the  densities  of  the  solid  aeid  and  of  th«  water  or  ammonium 
hydroxide  solution,  under  the  assumption  that  no  change  in  the  total 
volume  occurs  on  mixing.*  The  concentration  given  in  the  tables  below 
is  always  that  at  the  temperature  of  the  measurement. 

The  atomic  weights  used  were  those  referred  to  oxygen  as  16.00  as 
^iven  in  the  report  of  the  International  Committee  for  ISOC.f  All  wei^ts 
were  corrected  for  the  bouyancy  of  the  air. 


101.    APPARATUS  AND  METHOD. 

The  conductivity  measuremeots  were  made 
with  a  slide-wire  bridge  by  the  usual  Kohl- 
rausch  method.  The  slide-wire  was  cali- 
brated and  the  resistance  coils  were  com- 
pared with  each  other.  The  conductivity  vessel  used 
was  one  of  pipette  form  devised  by  Mr.  G.  A.  Abbott 
in  this  laboratory.  It  is  shown  in  Fig.  19.  It  has 
the  advantages  that  the  solution  can  be  introduced  into 
it  and  kept  in  it  entirely  out  of  contact  with  the  air, 
that  the  electrodes  are  fully  protected  against  change 
in  position,  and  that  the  vessel  can  be  entirely  immersed 
in  the  thermostat.  The  capacity  of  the  vessel  was 
about  55  c.cm. ;  and  the  vertical  electrodes  were  about 
'i  cm.  square  and  1.3  cm.  apart.  The  electrodes  were 
uscrl  implatinized  in  the  measurements  with  the  acid, 
so  as  to  reduce  contamination;  but  were  platinized  in 
the  measurements  vvith  the  better-conducting  base  and 
salt.  The  conductance-capacity  of  the  vessel  was  deter- 
mined by  measuring  in  it  {when  unplatinized)  a  freshly 
prepared  0.002130  normal  or  (when  platinized)  a 
0.0-/00  normal  sohition  of  potassium  chloride,^:  and 
""  allowing  for  the  conductance  of  the  water  employed. 

The  vessel  was  immersed  in  well-stirred  thermostats  whose  tempera- 
ture was  kept  constant  within  0.01°.  That  at  0°  was  maintained  by  a 
mixture  of  water  and  finely  crushed  ice  in  large  proportion.  The  ther- 
mometers used  were  compared  with  the  laboratory  standard. 

'The  density  oE  the  acid  at  3S°  was  found  to  be  1.6T3  by  weighing  a  large  excess 
of  it  in  a  pycnometcr  under  its  saturated  solution.  That  there  was  in  fact  no  appre- 
ciable vohime-change  on  mixing  was  shown  by  direct  measurements  of  the  density 
of  known  soUitions  of  the  acid  and  of  its  salt, 

tSee  ;,  Am.  Chem.   Soc.,  28,  1   (1906). 

JThe  actual  conductances  of  these  solutions  in  the  vessel  after  allowing  for  the 
conductance  of  the  water  were  O.O01SO95  and  0.03356  reciprocal  ohms  at  18°,  which 
correspond  to  conductance-capacities  of  0.17861  and  0.17TT5,  respectively,  using 
Kohlraiisch  and  Maltby's  equivalent-conductance  values.  The  same  value  was 
obtained  at  the  end  of  the  measurements  as  at  the  start. 
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The  final  bridge  reading  was  not  recorded  until  it  had  become  con- 
stant, which  it  did  in  15-30  minutes.  It  then  remained  constant,  even 
over  night,  in  almost  all  cases;  but  with  a  few  solutions  containing  the 
salt  with  an  excess  of  ammonium  hydroxide  there  was  a  slight  progres- 
sive increase  in  conductance,  for  which  a  small  correction  (never  more 
than  0.25  per  cent)  was  applied,  depending  upon  the  time  which  had 
elapsed  before  the  reading  and  upon  the  temperature  to  which  the  cell 
had  been  exposed. 

102.    THE  CONDUCTIVITY  AND  lONIZATION-CONSTANTS  OF  AMMONIUM 
HYDROXIDE  AND  DIKETOTETRAHYDROTHIAZOLE. 

Tables  120  and  121  contain  the  results  of  the  conductance  measure- 
ments with  ammonium  hydroxide  and  with  diketotetrahydrothiazole. 
The  first  column  gives  the  temperature;  the  second,  the  date;  the  third, 
the  concentration  in  equivalents  per  liter  of  solution  at  the  temperature 
of  the  measurement;  the  fourth,  the  conductance  in  reciprocal  ohms  as 
actually  measured  in  the  conductivity  vessel,  multiplied  by  10';  the 
fifth,  the  same  diminished  by  the  conductance  of  the  water;  the  sixth, 
the  equivalent  conductance  (A)  calculated  by  multiplying  the  values  of 
the  preceding  column  by  the  conductance-capacity  (0.17861  for  the  acid 
and  0.17775  for  the  base)  and  dividing  by  the  concentration  given  in 
the  third  column  and  by  10';  and  the  seventh,  the  lonization-constant  (K) 

calculated  by  the  expression  K  =    .    .. -r-  and  multiplied  by  lO'. 

Ao(Ao  —  a; 

The  values  of  A©  (the  equivalent  conductance  for  complete  ionization) 

used  in  the  calculation  of  the  ionization-constant  were  derived  as  follows. 

That  for  the  OH'  ion  at  18**  was  found  to  be  173.0  by  subtracting  Kohl- 

rausch's  value*  for  the  sodium  ion  (43.55)  from  Noyes  and  Kato's  value 

for  sodium  hydroxide  (216.5,  see  Part  VI).    That  for  the  NH\  ion  at 

18*"  was  found  to  be  65.4  by  subtracting  Kohlrausch's  value  for  chloride 

ion   (65.44)   from  Sosman's  value  for  ammonium  chloride   (130.9,  see 

Part  VII).    In  this  way  the  value  for  ammonium  hydroxide  was  found 

to  be  238.4  at  18"*.     Those  for  ammonium  hydroxide  at  0*  and  25"*  were 

obtained  from  the  corresponding  equivalent  conductances  of  the  NH\ 

and  OH"  ions  at  18**  by  means  of  the  temperature-coefficients  for  the 

conductivities  of  these  ions   derived  by   Kohlrausch.f    The   values  so 

obtained  are  Anh4  =  39.3,  Aoh  =  117.7  and  Ao(NH40H)  =  157.0  at  0** ;  and 

Anh4  =  75.9,  Aoh  =  194.7  and  Ao(NH40H)  =    270.6  at  25^    The  Ao  values 

for  the   acid   at  each  temperature   were   obtained   from   those   for   its 

ammonium  salt  by  subtracting  the  equivalent  conductance  of  the  NII%  ion 

♦Sitzungsber.  preuss.  Akad.  der  Wissensch.,  1901,  1026-1033. 

tibid.,  1901,  10.    These  coefficients  are : 

(AnhO  t  =  (  Anh4)i,  [1  +  0.0223  (t  —  18)  -f  0.000079  (t  -  18)«] 
(Aoh)  t  =  ( AoH),a  [1  4*  0.0179  (t  —  18)  +  0.000008  (t  -  18)*] 
(A„) ,     =  (Ah)«     [1  +  0.0154  (t  -  18)  -  0.000033  (t  —  18)*] 
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derived  as  just  described,  and  adding  that  of  the  H*  ion.  The  A^-values 
for  the  ammonium  salt  were  derived  from  direct  conductance  measure- 
ments which  will  be  presented  and  discussed  in  section  103.  For  the 
equivalent  conductance  of  the  H*  ion  at  18*  the  value  (315)  derived 
from  the  measurements  of  Goodwin  and  Haskell*  upon  very  dilute  acid 
solutions  was  adopted;  while  at  0**  and  25*  the  values  224.3  and  348.5, 
respectively,  were  obtained  from  this  one  at  18**  by  means  of  Kohlrausch's 
temperature-coefficients  just  referred  to. 


Table  120. — Equivalent  conductance  and  ionisation-constant  of 

diketotetrahydrothiazole. 


Teoipcr- 
atare. 

Date. 

EqoiTa- 

lencs  per 

liter. 

Coniactance  X  10*. 

Bquhraleot 

cooiact- 

aoce. 

loDizatioB-cooauiit  X  10*. 

Obaenrei. 

Corrected. 

Separate 
Talaea. 

lieaa  ▼aloes. 

1906 

0 

May  24.. 

0.2503 

185.9 

184.5 

0.1316 

0.0710 

May  21.. 

0.1251 

131.0 

129.7 

0.1852 

0.0703 

n    ATAO  *) 

May  25.. 

0.1251 

132.3 

131.2 

0.1873 

0.0720 

U.UfUV 

May  22.. 
June    1.. 

0.0626 
0.2503 

92.9 
185.7 

91.6 
184.7 

0.2613 
0.1318 

0.0701 
0.0712' 

0.0711 

June    2. . 

0.2503 

187.1 

186.1 

0.1328 

0.0723 

May  30.. 

0.1251 

130.6 

128.9 

0.1840 

0.0694 

0.0713  ) 

June    5. . 

0.0626 

94.0 

93.2 

0.2659 

0.0725J 

18 

May  24.. 

0.2500 

372.5 

370.1 

0.2644 

0.1436] 

May  21.. 

0.1250 

266.1 

263.9 

0.3770 

0.1460 

0.14631 

May  25.. 

0.1250 

268.0 

266.2 

0.3803 

0.1487 

May  22.. 

0.0625 

189.5 

187.2 

0.5349 

0.1471 

'  0.1459 

June    1 . . 

0.2500 

371.5 

369.9 

0.2643 

0.1435 

June    2 . . 

0.2500 

373.3 

371.6 

0.2654 

0.1447 

0  14'i'i 

May  30.. 

0.1250 

264.8 

261.9 

0.3740 

0.1437 

June    5. . 

0.0625 

190.8 

189.3 

0.5410 

0.1504J 

25 

May  24.. 

0.2496 

463.7 

460.7 

0.3297 

0.1780] 

May  21.. 

0.1248 

330.5 

328.0 

0.4693 

0.1804 

n  ifiio  ^ 

May  25.. 

0.1248 

333.1 

331.0 

0.4737 

0.1838 

w.  10J.0 

1 

May  22. . 

0.0624 

237.5 

234.8 

0.6719 

0.1850 

0.1814  I 

1 

June    1 . . 

0.2496 

462.6 

460.7 

0.3297 

0.1780 

June    2.. 

0.2496 

462.6 

460.6 

0.3296 

0.1779 

i\     •%  O^  4 

May  30.. 

0.1248 

331.5 

328.1 

0.4701 

0.1810 

0.1811  J                   I 

June    5. . 

0.0624 

238.3 

236.6 

0.6772 

0.1876J 

Table  121. — Equivalent  conductance  of  ionisation-constant  of  ammonium  hydroxide. 


Temper- 
ature. 

Date. 

Eqaira- 

lents  per 

liter. 

Conductance  X  lO*. 

Eqaira- 
lent  con- 
ductance. 

lonization-con- 
atant  X  10«. 

Obierred. 

Corrected. 

Separate 
raluea. 

Mean 
Talues. 

0 

18 
25 

1906 

July   22.. 
July   24.. 
July  22. . 
July  24.. 
July  22.. 
July  24.. 

0.09569 
0.04540 
0.09557 
0.04534 
0.09542 
0.04527 

1,015 
696 
1,709 
1,171 
1,989 
1,363 

1,014 
695 
1,708 
1,170 
1,988 
1,362 

1.884 
2.722 
3.177 
4.584 
3.703 
5.436 

13.95 

13.88 

17.21 

17.09 

18.11/ 

18.02) 

13.91 
17.15 
18.06 

♦Phys.  Rev.,  19,  386  (1904). 


Section  102. — Conductivity  and  lonisation-Constants,  2QI 

The  measurements  of  May  30  to  June  5,  given  in  table  120,  were  made 
with  a  sample  of  the  acid  obtained  by  recrystallizing  three  times  from 
conductivity  water  with  the  usual  precautions  the  material  used  in  these 
measurements  of  May  21-25.  The  agreement  of  the  results  with  the 
two  samples  shows  that  the  material  underwent  no  change  in  the  three 
crystallizations.  Ostwald*  obtained  the  value  0.24  X  10~'  for  the  con- 
stant at  25**  without  using  special  precautions. 

Sosman  (see  Part  VII)  with  solutions  prepared  both  from  liquid 
ammonia  and  from  the  pure  ammonia  water,  obtained  for  the  constant 
of  ammonium  hydroxide  at  18®,  as  the  mean  of  a  large  number  of  deter- 
minations at  concentrations  from  0.01  to  0.1,  the  value  17.15  X  lO"', 
which  is  identical  with  that  given  in  table  121.  He  obtained  the  value 
17.9  X  16~'  as  the  means  of  two  determinations  at  25**.  This  value  agrees 
closely  with  the  value  18.06  X  10~'  here  presented.  Earlier  investigatorsf 
obtained  considerably  higher  results,  partly  owing  to  the  incomplete 
elimination  of  impurities  and  to  the  use  of  other  values  of  the  equivalent 
conductance  for  complete  ionization. 

The  results  given  in  the  tables  show  that  the  constants  of  the  two  sub- 
stances do  not  vary  considerably  with  the  concentration.  Sosman,  using 
a  much  greater  range  of  concentration,  also  found  that  the  variation  of 
the  constant  for  ammonium  hydroxide  at  18**  was  very  small. 

It  will  be  observed  that  with  rising  temperature  the  ionization  of  the 
acid  increases  very  rapidly,  and  that  that  of  the  ammonium  hydroxide  also 
increases,  but  to  a  much  smaller  extent. 

No  reliable  estimate  of  the  accuracy  of  these  constants  can  be  made. 
It  seems,  however,  not  improbable  that  the  equivalent-conductance  values 
for  the  acid  may  be  too  high  by  one  per  cent,  owing  to  the  effect  of 
impurities;  and  also  that  its  equivalent-conductance  values  for  complete 
ionization  may  be  in  error  by  one  per  cent  at  18**  and  25**,  and  by  even 
2-3  per  cent  at  0**.  Under  these  assumptions  the  error  in  its  ionization- 
constant  may  be  3-4  per  cent  at  18**  and  25**,  and  5-7  per  cent  at  0**.  In 
the  case  of  ammonium  hydroxide,  although  the  values  of  the  equivalent 
conductance  at  the  higher  concentrations  are  probably  somewhat  more 
exact  than  those  for  the  acid,  yet  there  is  an  even  greater  uncertainty  in 
the  values  for  complete  ionization,  so  that  the  ionization-constants  are 
probably  of  the  same  order  of  accuracy. 


*Z.  physik.  Chem.,  3,  181  (1889). 

tBredig,  Z.  physik.  Chem.,  13,  294  (1894).    Davidson,  Ber.  d.  chem.  Ges.,  31,  1612 
(1898).    Hantzsch  and  Sebaldt,  Z.  physik.  Chem.,  30,  296  (1899). 
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103.    CONDUCTIVITY  AND  HYDROLYSIS  OF  THE  AMMONIUM   SALT  OF 

DIKETOTETRAHYDROTHIAZOLE. 

The  data  relating  to  the  conductivity  of  the  pure  ammonium  salt  are 
presented  in  table  122,  which  is  arranged  like  tables  120  and  121  except 
that  the  specific  conductance  is  given  in  addition  to  the  equivalent  con- 
ductance. 

Table  122. — Conductance  of  the  ammonium  salt  of 
diketotetrahydrothiasole. 


Temper- 

Date. 

EqoiTalenu 

Coodactance  X  10*. 

Specific 
condnct> 

Bqnitra- 
lent  COB- 

ature. 

per  liter. 

Obierred. 

Corrected. 

anceXlO*. 

dactance. 

1906 

0 

July 

28.. 

0.05005 

14,424 

14,423 

2,563.6 

51.22 

July 

29.. 

0.04997 

14,401 

14,400 

2,559.4 

51.22 

July 

12.. 

0.020047 

6,015 

6,013 

1,068.8 

53.32 

July 

14.. 

0.020035 

6,016 

6,014 

1,069.3 

53.37 

Aug. 

3.. 

0.002143 

686.5 

685.2 

121.8 

56.82 

18 

July 

28.. 

0.04999 

22,895 

22,893 

4,069 

81.40 

July 

29.. 

0.04991 

22,828 

22,826 

4,057 

81.30 

July 

12.. 

0.020021 

9,566 

9,563 

1,700.0 

84.91 

July 

14.. 

0.020010 

9,562 

9,559 

1,699.1 

84.91 

Aug 

3.. 

0.002141 

1,092.2 

1,090.0 

193.7 

90.50 

25 

July 

28.. 

0.04992 

26,408 

26,406 

4,694 

94.03 

July 

29.. 

0.04983 

26,355 

26,353 

4,684 

94.00 

July 

12.. 

0.019992 

11,044 

11,041 

1,962.6 

98.17 

July 

14.. 

0.019979 

11,033 

11,030 

1,960.0 

98.16 

Aug. 

3.. 

0.002137 

1,265.6 

1,263.0 

224.5 

105.04 

It  will  be  seen  that  the  values  of  the  equivalent  conductance  at  about 
the  same  concentration,  which  were  determined  with  solutions  made  up 
separately  from  the  solid  acid  and  the  stock  ammonium  hydroxide  solu- 
tion, agree  in  every  case  within  about  0.1  per  cent. 

For  the  purpose  of  facilitating  the  subsequent  calculation  of  the  hydrol- 
ysis, the  specific  conductance  l  has  been  expressed  as  a  concentra- 
tion-function of  the  form  C  =  ah  -f-^Li  which  corresponds  to  the  van't 
Hoff  function  (CA)*  =  KC(Ao  —  A),  which  is  known  to  express  approx- 
imately the  variation  of  the  equivalent  conductance  A  with  the  concentra- 
tion C  in  the  case  of  neutral  salts.  As  this  equation  is  to  be  used  only 
for  interpolation  for  a  small  distance  from  the  values  from  which  it  is 
derived,  any  possible  inaccuracy  in  the  assumed  form  of  the  function  could 
not  introduce  a  significant  error.  Using  the  conductance  values  at  0.02 
and  0.05  normal  as  the  basis,  the  corresponding  numerical  equations  are: 


C 

C: 

C 


17.330  L  +  43.34  L?   at     0° 

10.832  L  4- 22.95  lI  at  18** 

9.373  L  4- 18.45  It  at  25** 


Section  103, — Hydrolysis  of  the  Ammonium  Salt.  2^^ 

Table  123  contains  the  data  for  the  ammonium  salt  in  the  presence  of 
an  excess  of  the  free  acid  or  base.  The  first  five  columns  are  self-ex- 
planatory. 

The  sixth  column  contains  the  uncorrected  specific  conductance  X  10' 
of  the  sohition  in  reciprocal  ohms  obtained  by  multiplying  the  observed 
conductance  by  the  conductance-capacity  and  by  lO'. 

The  seventh  column  contains  the  corresponding  specific  conductance 
corrected  by  subtracting  that  of  the  water  and  in  some  cases  the  small 
estimated  increase  due  to  progressive  contamination  during  the  period  of 
the  measurement  (see  section  101). 

The  eighth  column  headed  "Salt  in  solution"  contains  the  same  values 
after  correcting  them  for  the  specific  conductance  of  the  ionized  ammo- 
nium hydroxide,  when  this  was  present  in  excess.  (The  conductance 
due  to  the  ionized  acid  when  it  was  in  excess  was  entirely  inappreciable.) 
This  conductance  (lb)  was  computed  by  the  equations: 

Con  =  __1^!1*_21 .  =      °   °  ;  and  Lb  =  10»  Coh  (Anh  +  Aoh) 

in  which  Kb  is  the  ionization-constant  for  ammonium  hydroxide,  Cb  the 
excess  of  it  present,  and  C  is  the  concentration  of  the  salt  and  y  its  degree 

of  ionization. 

The  ninth  column  gives  the  concentration  (Cq)  at  which  the  salt  in 
water  alone  has  the  same  specific  conductance  as  that  (given  in  the  eighth 
column)  of  the  salt  in  the  presence  of  the  acid  or  base;  this  concentration 
Co  was  calculated  by  the  empirical  relations  between  C  and  l  g^ven  on  the 
preceding  page. 

The  last  column  contains  the  values  of  the  percentage  hydrolysis 
(100/to)  of  the  salt  in  water  alone  at  the  concentration  Cq,  These  values 
have  been  computed  by  means  of  the  equation : 

^  _Co-C  Cb-(Co-C) 

Co      Cb  — 2(Co  — C) 

in  which  C  represents  the  concentration  of  the  salt  in  the  mixture  and  Cb 
that  of  the  added  base  (or  acid).  This  equation  results  from  combination 
of  the  two  equations : 

Co(l-Ao)=C(l-A) 

(CoAo)"  =  CA(CA  +  Cb) 
in  which  h  represents  the  hydrolysis  of  the  salt  in  the  presence  of  the 
excess  of  base  (or  acid).  The  first  of  these,  which  states  that  the  con- 
centration of  the  unhydrolyzed  portion  (which  is  equal  to  the  sum  of 
the  concentrations  of  the  ions  and  the  un-ionized  salt)  is  the  same  in  the 
two  cases,  is  a  consequence  of  the  definition  of  Co.    The  second  of  these 
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equations  is  the  expression  of  the  mass-action  requirement  that  the 
product  of  the  concentrations  of  the  free  acid  and  base  be  die  same  when 
the  ion-concentrations  are  the  same. 

Table  123. — Conductance  of  the  salt  with  an  exceu  of  acid  or  hose  and  its  hydroiysis. 


Tern- 

pera- 

Date. 

tare. 

190G 

0 

July   10. 

July   11. 

July  15. 

July  16. 

July  26. 

July  27. 

July  30. 

July  31. 

18 

July  10. 

July  11. 

July  15. 

July  16. 

July  26. 

July  27. 

July  30. 

.July  31. 

25 

July  10. 

July  11. 

July   15. 

July   10. 

July  20. 

July  27. 

July  30. 

July  31. 

MillhcqaiTalciitf  per  liter. 


Salt. 

Acid. 

20.025 

20.025 

20.068 

19.96 

20.068 

10.13 

50.06 

50.06 

50.10 

49.14 

50.10 

24.45 

20.000 

20.000 

20.044 

19.94 

20.044 

10.12 

50.00 

50.00 

50.04 

49.08 

50.04 

24.43 

19.9G8 

19.908 

20.013 

19.91 

20.013 

10.10 

49.92 

49.92 

49.90 

49.01 

49.90 

24.39 

Bate. 


10.95 
19.78 


24.60 
45.29 


10.93 
19.75 


Specllc  eoo4acta»ce  X  10*. 


Solatioo. 


Obterrei. 


10.91 
19.73 


24.53 
45.17 


1,099.8 
1,100.6 
1,100.5 
1,099.8 


2,622.9 
2,632.7 
2,622.9 
2,623.3 


1,765.4 
1,767.6 
1,767.4 
1,766.4 


24.57     4,200.0 
45.23  '4,215.3 

'4,201.3 

4,195.9 


2,042.2 
2,047.6 
2,050.9 
2,047.4 


4,873.9 
4,894.7 
4,860.4 
4,859.9 


Corfcdcv. 


1,096.8 
1,098.4 
1,100.3 
1,099.5 


2,621.7 
2,631.7 
2,622.6 
2,623.0 


1,761.2 
1,764.6 
1,767.0 
1,765.9 


4,194.1 
4,210.3 
4,200.9 
4,195.5 


2,039.6 
2,045.4 
2,050.4 
2.046.8 


4,861.7 

4,885.1 
4,805.9 
4,859.4 


Sakia 
•olacioo. 


1,095.5 
1,096. 
1,100.3 
1,099.5 


2,620.4 
2,629.2 
2,622.6 
2,623.0 


1,758.8 
1,760.1 
1,767.0 
1,765.9 


4,191.6 
4,205 . 5 
4,200.9 
4,195.5 


2,036. 
2,040. 
2,050. 
2.046. 


4,858. 
4,879. 
4,865. 
4,859. 


(Co) 
of  lalt  io 


Ferccat- 

■cchy- 

4folyaia 

(100*o> 


20.555 
20.562 
20.644 
20.629 
Mean  .. 

tL»  (!••  •  •  • 

51.22 
51.39 
51.27 
51.27 
Mean  .. 

&•  u*.  •  •  • 

20.742 
20.751 
20.836 
20.821 

Mean  .. 
a^cL. ••• 

51.63 
51.80 
51.74 
51.68 

Mean  . . 

a.'  d.... . 

20.784 
20.818 
20.921 
20.884 


2.37 

1^.66 
2.34 
2.40 


Mean  . . 

4.40 

n*  U.  .... 

0.15 

51.80 

3.94 

52.02 

♦4.22 

51.88 

3.85 

51.81 

3.86 

Mean. .. 

3.88 

a.d 

0.04 

2.71 

2.68 
2.87 
2.88 


2.78 
0.09 


2.37 
0.02 

3.82 
3.76 
3.95 
4.04 


3.89 
0.10 


3.38 

P3.61 

3.41 

3.39 


'Omitted  in  the  computation  of  the  mean. 


It  will  be  seen  from  the  last  column  of  table  123  that  the  values  of 
a.  d.  (the  average  deviation  of  the  separate  hydrolysis  values  from  the 
mean)  are  about  0.10  at  0°  and  18"*,  and  0.15  at  25"*  for  the  more  dilute 
salt  solution.  The  deviations  for  the  more  concentrated  salt  solution 
are  much  less  than  these.     It  is  to  be  remembered  in  this  connection 


Section  103. — Hydrolysis  of  the  Ammonium  Salt. 
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that  these  hydrolysis  values  are  derived  from  experiments  in  some  of 
which  an  excess  of  acid,  and  in  others  of  which  an  excess  of  base  was 
present,  and  in  which  varying  quantities  of  these  were  added,  and  that 
most  constant  errors  would  either  have  been  eliminated  in  the  difference 
in  the  measurements  with  the  mixture  and  the  pure  salt,  or  would  have 
shown  themselves  by  producing  opposite  effects  when  the  acid  and  base 
were  in  excess. 

Before  calculating  the  hydrolysis-constant,  it  is  necessary  to  deter- 
mine the  ionization  of  the  salt  at  the  concentrations  in  question,  and 
therefore  to  determine  the  equivalent  conductance  A^  for  complete  ioniza- 
tion. To  do  this  the  equivalent  conductance  of  the  unhydrolyzed  part  of 
the  salt  has  been  calculated  at  the  three  concentrations  at  which  measure- 
ments were  made  by  dividing  the  specific  conductance  as  given  in  table 
123  by  the  concentration  of  the  unhydrolyzed  part  Co(l  —  Aq)  \  and  evi- 
dently it  is  to  this  concentration  that  the  so-obtained  values  of  the  equiva- 
lent conductance  refer.  The  values  for  h^  used  at  0.02  and  0.05  normal 
were  the  means  given  in  table  123.  The  value  of  h^  used  for  the 
more  dilute  solution  was  calculated  from  these  by  the  mass-action  for- 
mula given  below.  From  these  three  values  of  A  the  values  of  the  three 
constants  n,  K,  and  A©  in  the  empirical  equation,  (AC)*  =  K(\q  —  A)C, 
were  computed.  The  ionization  of  the  salt  was  then  obtained  by  dividing 
the  A-values  by  this  value  of  A©. 

Table  124  contains  the  so-derived  values  of  the  equivalent  conductance 
and  percentage  ionization  of  the  salt.  The  values  of  the  exponent  n 
were  found  to  be  1.35  at  0%  1.39  at  18%  and  1.35  at  25%  thus  of  about 
the  same  magnitude  as  for  ordinary  salts.  The  ionization  will  also  be 
seen  to  be  about  the  same  as  that  of  other  salts  of  the  same  ionic  type. 


Table  124. — Equivalent  conductance  and  ionusation  of  the 

unhydrolyzed  ammonium  salt. 


Temper* 

Eqviralenti 

EqniTalent 

conduct* 

ance. 

Percentaie 

•tore. 

per  liter. 

ionization. 

0 

0.04875 

52.55 

84.5 

0.01950 

54.81 

88.1 

0.002080 

58.5 

94.1 

0.00 

62.2 

. .  •  .* 

18 

0.04816 

84.38 

85.0 

0.01926 

88.22 

88.8 

0.002055 

94.3 

94.9 

0.00 

99.3 

•  •  •  • 

25 

0.04782 

98.03 

83.1 

0.01913 

102.54 

87.0 

0.002035 

110.1 

93.4 

0.00 

117.9 

• .  • . 
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From  the  values  of  the  hydrolysis  and  ionization  given  in  tables  123 
and  124,  the  hydrolysis-constant  Kb  (equal  to  \Y^  )  can  be  readily 


calculated  by  the  mass-action  relation 


=  Kb,  in  which  A, 


(i-Ao)y 

represents  the  hydrolysis  of  the  salt  in  water  alone  at  any  concen- 
tration Co,  y  is  the  fraction  of  the  unhydrolyzed  salt  C©  (1  —  fc©)  which 
exists  as  ions,  and  Kw,  Ka  and  Kb  are  the  ionization-constants  for 
water,  the  acid,  and  the  base,  respectively.  This  equation  is  readily 
derived  by  combining  the  three  simple  mass-action  equations,  ChCqh  ^Kw, 
Cb  Ca  =  KaCba,  and  Cb  Coh  =  KbCbob,  substituting  for  Cb  and  Ca  the 
expression  Co(l  —  Ao)y  ^i^d  for  Cba  and  Cboh  the  expression  CJ$of  ^^^ 
taking  the  square  root.  The  values  of  the  hydrolysis  constant  Ku  thus 
calculated  are  given  in  table  125.  The  values  at  the  two  concentrations 
will  be  seen  to  differ  by  from  12  to  9  per  cent.  As  those  at  the  higher 
concentration  are  influenced  to  a  less  extent  by  impurities  and  contami- 
nation, a  double  weight  has  been  assigned  to  them  in  deriving  the  final 
mean  values.  It  is  not  improbable  that  these  values  are  still  too  high; 
but  it  is  unlikely  that  the  error  exceeds  5  per  cent. 

Table  125. — The  hydrolysis-constant  for  the  ammonium  salt. 


Temper- 
ature. 

Equiva- 
lent! per 
liter. 

Hydrolyais-constant. 

Separate 
Talnes. 

Mean 
values. 

0 
18 
25 

0.05 
0.02 

0.05 
0.02 

0.05 
0.02 

0.0287 
0.0324 

0.0413 
0.0456 

0.0486 
0.0529 

1  0.0299 
j  0.0427 
}  0.0500 

104.    THE  IONIZATION  OF  WATER. 

The  ionization-constants  of  water  (ATw^ChCoh)  can  be  calculated 
from  the  hydrolysis-constants  given  in  table  125,  and  the  ionization- 
constants  of  the  acid  and  base  given  in  section  102".  Table  126  contains 
the  values  of  this  constant  for  water,  and  also  those  of  its  square-root, 
which  last  represent  the  concentration  of  the  hydrogen  and  hydroxide 
ion  in  pure  water  (in  equivalents  per  liter). 

Table  126. — The  ionization-constant  of  water  and  the 
hydrogen  or  hydroxide-ion  concentration. 


Temper-  ; 
ature.     | 


0 
18 
25 


loni/.ation- 

constant 

K^   X  10>4. 


Ion  concentration. 
(Jk^=C„=Co„)X10T 


0.089 

0.46 

0.82 


0.30 
0.68 
0.91 
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To  compare  these  results  with  those  previously  obtained  the  various 
values  for  the  hydrogen-ion  or  hydroxide-ion  concentration  in  pure  water 
have  been  brought  together  in  table  127. 

Table  127. — The  hydrogen-ion  concentration  (X  -fo*)  in  pure 
water.    Results  of  various  investigators* 


Inrettigator. 


Method  of  determination. 


Arrhenlns 

Wijs 

Nemst 

Lowenherz  .... 

Kohlrausch  & 
Heydweiller.. 

Kanolt 


Hydrolysis  of  sodium 
acetate  by  ester-sa- 
poniflcation  

Catalysis  of  ester  by 
pure  water 

Blectromotive  force  of 
gas  cell 

Blectromotive  force  of 
gas  cell  

Conductance  of  pure 
water  

Hydrolysis 


0°. 


0.36 
0.30 


18°. 


0.8 


0.80 
0.68 


25°. 


1.1 
1.2 

1.19 

1.06 
0.91 


*For  references  to  tlieir  articles  see  section  99. 

It  will  be  seen  that  the  new  values  are  uniformly  lower  than  those  of 
Kohlrausch  and  Heydweiller,  but  only  by  from  16  to  20  per  cent.  This 
approximate  agreement  is  of  interest  not  only  in  indicating  the  absence 
of  any  considerable  error  in  the  values  of  Kohlrausch  and  Heydweiller, 
in  spite  of  the  somewhat  uncertain  correction  that  had  to  be  applied 
for  the  impurities  in  the  water ;  but  also  in  proving  that  the  ionization  of 
water  is  nearly,  if  not  quite,  the  same  when  pure,  as  it  is  when  an  ionized 
salt  is  present  in  it  at  a  concentration  of  0.02  to  0.05  normal. 

As  the  most  probable  values  of  the  bydrogen-ion  concentration  in  pure 
water  it  would  seem  best  to  adopt  for  the  present  the  lower  ones  derived 
above ;  for,  although  it  is  not  impossible  that  these  are  in  error  by  as  much 
as  10  per  cent,  yet  it  is  reasonably  certain  that  the  error  lies  in  such 
a  direction  as  to  produce  too  high  rather  than  too  low  results.  This  will 
be  evident  when  it  is  considered  that  the  effect  of  impurities  in  the  water 
or  the  solutes  would  be  to  give  rise  not  only  to  too  high  values  for  the 
ionization-constants  of  the  acid  and  base,  but  also,  by  combining  with  the 
excess  of  either  of  them  added  in  the  hydrolysis  experiments,  to  give  too 
great  an  increase  in  the  conductance  and  therefore  too  great  a  value  for 
the  hydrolysis. 

It  will  be  seen  from  table  126  that  the  hydrogen-ion  concentration 
increases  with  great  rapidity  with  the  temperature,  being  three  times  as 
great  at  25**  as  at  0*.  It  is  of  interest  to  calculate  from  this  increase  the 
heat  of  ionization  of  water,  and  to  compare  its  value  with  that  obtained 
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for  the  heat  of  neutralization  of  strong  acids  and  bases.  The  calculation 
has  been  made  for  the  two  temperature-intervals  by  the  equation 

where  K^  and  K2  represent  the  ionization-constants  of  water  at  T^  and  T,, 
R  is  the  gas-constant  (1.986  cal  per  degree),  and  Q  is  the  heat  of  ioniza- 
tion of  one  mol  of  water.  The  value  of  Q  is  thus  found  to  be  14,500 
calories  at  9*",  and  14,200  calories  at  ^Ld"".  The  mean  value  of  the  heats 
of  neutralization  of  potassium  and  sodium  hydroxides  by  hydrochloric 
and  nitric  acids  as  recently  determined  by  Wormann*  is  14,240  calories 
at  9''  and  13,590  calories  at  21.5"*.  The  agreement  is  a  surprisingly  close 
one,  and  shows  that  the  ionization  values  at  the  three  temperatures,  if 
affected  by  errors,  must  be  affected  by  them  by  the  same  percentage 
amount. 


105.    SUMMARY. 

In  this  article  have  been  presented  the  results  of  measurements  of  the 
conductivity  at  0°,  18**,  and  25**  of  ammonium  hydroxide,  diketotetrahy- 
drothiazole,  and  of  the  salt  of  this  base  and  acid,  both  alone  and  in  the 
presence  of  an  excess  of  the  base  or  acid.  From  these  measurements  have 
been  calculated  the  ionization-constants  of  the  base  and  acid,  the  hydrol- 
ysis and  hydrolysis-constant  of  the  salt,  the  ionization-constant  of  water 
and  the  concentration  of  the  hydrogen-ion  or  hydroxide-ion  in  it.  The  final 
results  may  be  summarized  as  follows : 

Table  128. — lonisation-constants  of  ammonium  hydroxide,  of  diketotetrakydro- 

thiazole,  and  of  water. 


Tempera- 
ture. 

lonizatlon-coiistanti. 

Concentration  of 

hjrdrofen-ion  in 

pnre  water. 

Ammoniuni 
hydroxide. 

Dlketotetrahjrdro- 
thlazole. 

Water. 

0 

18 
25 

13.91  X 10- • 
17.15X10- • 
18.06X10-* 

0.0711  X10-« 
0.146  X10-* 
0.181   X10-« 

0. 089X10-" 
0.46  X10-" 
0.82  XIO-'* 

0. 30X10-' 
0. 68X10-' 
0.91  X 10-' 

The  values  for  the  hydrogen-ion  concentration  given  in  the  last  column 
are  16  to  20  per  cent  lower  than  those  derived  by  Kohlrausch  and  Heyd- 
weiller  from  the  conductivity  of  the  purest  water.  From  their  varia- 
tion with  the  temperature  the  heat  of  ionization  of  water  has  been  cal- 
culated, and  found  to  be  in  close  agreement  with  the  directly  measured 
heat  of  neutralization  of  strong  acids  and  bases. 

♦Drude's  Ann.  Phys.,  18,  793  (1905). 
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Part  X. 

SOLUBILITY  OF  SILVER  CHLORIDE,  BROMIDE,  AND  SULPHO- 

CYANATE  AT   I00^ 


106.    OUTLINE  OF  THE  INVESTIGATION. 

The  solubility  of  many  difficultly  soluble  salts  at  room  temperature  has 
already  been  determined  by  several  investigators*  by  means  of  measure- 
ments of  the  electrical  conductivity  of  the  saturated  solutions.  The  exten- 
sion of  such  measurements  to  much  higher  temperatures  is  attended  with 
the  difficulties  that  open  vessels  can  not  be  used  owing  to  evaporation 
of  the  solvent,  and  that  glass  vessels  are  inadmissible  owing  to  the  con- 
tamination of  the  solution  resulting  from  them.  The  platinum-lined 
bombs  with  quartz  insulation  recently  constructed  in  this  laboratory  and 
described  in  Part  II,  enable,  however,  such  measurements  to  be  made  with 
readiness  and  accuracy.  One  of  these  being  placed  at  my  disposal  by 
Professor  Noyes,  I  took  the  opportunity  of  making  a  few  solubility  deter- 
minations at  100*,  at  which  temperature  the  results  have  much  practical 
interest,  owing  to  the  frequent  use  of  boiling  solutions  in  analytical  and 
preparation  work.  Unfortunately  the  time  available  only  permitted  the 
investigation  of  three  salts.  The  results  obtained  with  these,  though  not 
so  accurate  as  might  have  been  secured  if  the  bomb  could  have  been 
rotated  within  the  bath,  as  will  be  done  in  later  investigations  in  this 
laboratory,  seem,  however,  to  deserve  publication. 

107.    DESCRIPTION  OF  THE  EXPERIMENTS. 

The  solubility  determinations  were  made  in  the  same  bomb  that  had 
been  used  just  before  by  A.  A.  Noyes  and  Y.  Kato  (see  Part  VI),  after 
certain  repairs  had  been  made  in  it.  It  was  provided  with  an  open 
cylindrical  electrode  of  platinum-iridium.  It  was  heated  for  the  100° 
measurements  in  the  steam-jacketed  xylene  bath  described  in  section  32, 
Part  IV.  The  conductance-capacity  was  determined  by  measuring  in 
the  bomb  at  18*  the  conductance  of  a  0.005  normal  potassium  chloride 
solution  and  was  found  to  be  0.1490,  which  was  nearly  identical  with 
an  entirely  independent  result  (0.1492)  obtained  about  the  same  time  by 
Mr.  Kato. 

*F.  Kohlrausch  and  Rose,  Z.  physik.  Chem.,  12,  234;  Holleman,  ibid.,  12,  125;  F. 
Kohlrausch,  ibid.,  44,  197 ;  W.  Bottger,  ibid.,  46,  521. 
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Since  the  determinations  of  solubility  were  to  be  made  by  measuring 
the  conductance  of  the  saturated  solution  in  the  presence  of  an  excess 
of  solid  salt,  the  question  arose  whether  the  latter  would  influence  the 
conductance-capacity  appreciably,  as  it  might  possibly  do  by  settling 
out  upon  the  cylindrical  electrode  or  even  by  remaining  in  suspension. 
To  answer  this  question,  a  0.01  normal  sodium  chloride  solution  was 
measured  in  the  bomb  both  at  18**  and  100**,  first  alone  and  then  in  the 
presence  of  0.6  to  0.8  c.cm.  (measured  moist)  of  solid  silver  chloride. 
The  conductance  of  the  dissolved  portion  of  the  latter  salt  can  be  shown 
by  applying  the  principle  of  the  common-ion  effect  to  the  solubility-value 
hereinafter  presented  (152  X  lO"*  mols  per  liter  at  100*)  to  be  only  about 
1  X10-*  reciprocal  ohms  even  at  100*,  and  therefore  to  be  negligible  in 
comparison  with  the  conductance  of  the  sodium  chloride.  The  specific 
conductances  multiplied  by  10*  observed  in  these  experiments  are  given 
in  the  following  table. 


Solation. 

18° 

99.8*>. 

Initial.          Final. 

0.01  normal  NaCl 

• 

0.01  normal  NaCl +  0.5 
— 0.8  c.cm.  solid  AgCl " 

1,024 
*1,023 

1,020 
*1,020 

1,025 
*1,024 

1,023 
*1,020 
*1,020 

3,215 
♦3,213 

3,215 
♦3,214 
♦3,215 

'These  second  and  third  values  were  obtained  by  removing  the  bomb  from  the  bath,  shaking 
it,  returning  it,  and  allowing  it  to  come  to  the  original  temperature. 

These  results  show  that  the  effect  of  the  solid  salt  on  the  conductance 
certainly  does  not  exceed  0.4  per  cent  and  it  is  not  improbable  that  the 
differences  of  this  magnitude  observed  at  18°  were  due  to  temperature 
variations,  which  were  not  entirely  excluded  in  these  first  experiments; 
for  the  differences  at  99.8°  where  the  temperature  regulation  was  auto- 
matic seem  to  be  scarcely  appreciable.  In  any  case  the  effect  of  the  solid 
salt  on  the  conductance-capacity  is  less  than  the  other  errors  of  the  solu- 
bility determinations. 

The  correction  for  the  conductance  of  the  water,  which  is  important 
in  such  dilute  solutions,  was  determined  as  follows,  in  order  to  avoid 
making  a  new  measurement  in  the  bomb  at  100°  with  each  new  sample 
of  water.  Each  of  two  separate  samples  was  measured  nearly  simulta- 
neously at  46°  in  the  glass  apparatus  with  un-platinized  electrodes  which 
I  had  previously  used  for  solubility  experiments*  and  at  100°  in  the 
bomb  itself  after  it  had  been  thoroughly  soaked  out  by  heating  with  pure 
water  at  100°. 


*Z.  phys.  Chem.,  46,  530  (1903). 


Section  loj, — Description  of  the  Experiments. 
The  observed  specific  conductances  X  10*  were  as  follows 


303 


At  VXP. 

At  46**. 

Ratio. 

Sample  1 

Sample  2 

Mean 

1.98 
2.48 

1.10 
1.27 

1.80 
1.95 

1.88 

All  other  samples  were  measured  only  at  46°;  and  their  specific  con- 
ductances in  the  bomb  at  100*  were  calculated  by  multiplying  the  values 
so  obtained  by  1.9.  The  error  involved  in  this  method  of  computation, 
including  that  arising  from  unavoidable  accidental  contamination*  from 
the  air  in  filling  the  bomb,  would  rarely  exceed  0.3  X  lO'*  reciprocal  ohms. 
The  error  that  might  arise  from  the  gradual  leaching  out  of  conducting 
material  from  the  bomb  itself  was  practically  eliminated,  since  the  various 
salts  were  never  introduced  into  the  bomb  until  it  had  been  so  thoroughly 
soaked  out  by  heating  to  100*  with  pure  water  that  the  conductivity 
increased  by  only  0.1  X  10"*  reciprocal  ohms  on  removing  the  bomb  from 
the  bath,  shaking,  and  returning  it. 

The  silver  chloride,  bromide,  and  sulphocyanate,  whose  solubilities  were 
determined,  were  prepared  by  adding  with  vigorous  stirring  a  cold  0.1 
normal  silver  nitrate  solution  to  a  nearly  equivalent  quantity  of  0.1  normal 
solution  of  sodium  chloride  or  hydrochloric  acid,  potassium  bromide,  and 
ammonium  sulphocyanate,  respectively,  which  was  heated  to  about  50**. 
The  sodium  chloride  had  been  especially  purified  by  precipitation  in  the 
usual  manner  with  hydrochloric  acid,  but  the  chemically  pure  salts  of 
trade  were  used  in  the  other  cases.  The  supernatant  liquid  was  then 
immediately  poured  off,  and  the  residue  was  washed  for  two  weeks  with 
hot  water  which  was  renewed  several  times  each  day.  The  salts  were 
prepared  and  kept  in  a  room  illuminated  only  by  red  light. 

The  solubility-determinations  were  made  as  follows.  When  the  bomb 
was  found  to  give  off  conducting  material  only  within  the  above-men- 
tioned limit,  from  0.5  to  0.8  ccm.  of  the  moist  silver  salt  was  placed  in 
it  and  washed  three  times  with  pure  water ;  then  the  bomb  was  filled  up  to 
within  5  to  8  mm.  of  the  rim,  taking  every  precaution  to  avoid  contami- 
nation by  impurities  from  the  air,  and  it  was  finally  closed.  Only  a  few 
minutes  later,  during  which  time  the  glass  vessel  for  measuring  the  con- 
ductance of  the  water  at  46*  was  filled,  the  conductance  of  the  contents  of 
the  bomb  was  measured  at  room  temperature  without  shaking  the  bomb 
after  it  was  closed.  The  bomb  was  then  shaken  violently  to  bring  about 
a  close  contact  between  solid  and  liquid,  and  the  conductance  was  again 

*The  magnitude  of  such  contamination  is  illustrated  bv  the  fact  that  three  portions 
from  the  same  stock-bottle  successively  introduced  into  the  bomb  showed  at  about  25** 
specific  conductances  of  1.17,  0.99,  and  1.18  X  10-*  reciprocal  ohms. 
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measured.     In  most  cases  this  was  repeated  till  only  a  very  slight  increase 
of  conductance  was  observed.* 

The  bomb  was  then  put  into  the  xylene  bath  heated  by  steam.  When 
the  temperature  of  the  bath  had  reached  its  former  value,  readings  were 
taken  every  five  minutes,  and  as  soon  as  no  appreciable  change  in  the 
conductivity  occurred,  the  conductivity  was  measured  with  three  diflFerent 
resistances  in  the  rheostat.  The  bomb  was  then  taken  out  of  the  bath, 
shaken  violently  about  100  times,  replaced,  and  readings  taken  after  heat- 
ing for  40  to  60  minutes. 

Since  at  the  end  of  these  operations  the  specific  conductance  had 
increased  by  about  1  X  10"*,  the  change  was  at  first  ascribed  to  incomplete 
saturation.  If  this  were  true,  one  would  expect  of  course  that  upon 
repeated  shakings  and  heatings  these  increases  would  become  less  and  less. 
To  test  this  view  an  experiment  was  made  with  silver  chloride  in  which 
the  observed  conductances  measured  at  99.7*  at  the  start,  and  after  suc- 
cessive shakings  and  the  stated  periods  of  heating  between  each  reading 
were  as  follows: 

Period  of  heating  (min.) 0  62  125  56  55 

Specific   conductance    X  10« 59.72        60.47        62.73        64.25        65.77 

Increase  per  hour   0.72         1.08         1.62  1.68 

Considering  in  connection  with  these  results  the  fact  that  even  at  room 
temperature  the  saturation  occurs  almost  instantaneously,  it  seems  very 
probable  that  these  increases  are  not  due,  or  are  only  in  small  part  due, 
to  incomplete  saturation ;  for  if  they  were  due  to  this,  one  would  expect 
that  the  increase  per  hour  would  diminish  instead  of  increasing.  It  is 
more  probable  that  the  effect  is  mainly  due  to  a  slight  decomposition  of 
the  salt  —  perhaps  a  reduction  by  impurities  in  the  water.f    It  might  also 

♦These  data  at  the  room  temperature  are  not  given  in  the  table  below,  as  tliey 
were  not  measured  at  any  one  temperature,  their  purpose  being  mainly  to  serve  as 
an  indication  of  accidental  contamination  in  any  experiment  As  a  result  of  all  the 
observations  it  was  found  that  the  increases  after  shaking  were  small  in  comparison 
with  those  taking  place  immediately  after  pouring  in  the  water,  showing  that  satura- 
tion is  attained  very  rapidly.  This  is  illustrated  by  the  following  data.  The  conductance 
immediately  after  closing  the  bomb  at  room  temperature  (22.7**)  was  2.754;  and 
after  shaking  successively  the  number  of  times  shown  by  the  figures  in  parentheses 
it  was:  (2)  2.922;  (2)  2.966;  (2)  2.982;  (2)  2.985;  (4)  3.004;  (4)  3.002;  (10) 
3.011;  (10)  3.015;  (100)  3.028;  (100)  3.028.  These  numbers  show,  if  we  assume 
3.03  as  the  final  value  corresponding  to  that  temperature  and  1.00  to  be  the  conduct- 
ance of  the  water,  that  86  per  cent  of  the  silver  chloride  goes  into  solution  during 
the  short  period  of  pouring  in  the  water  and  closing  the  bomb  and  98  per  cent  after 
shaking  the  bomb  8  times.  Whether  the  later  increase  of  2  per  cent  is  a  consequence 
of  further  solution  of  the  salt  or  whether  it  is  due  to  a  rise  of  temperature  brought 
about  by  the  process  of  shaking  is  uncertain. 

tit  was  found  in  general  on  bringing  the  contents  of  the  bomb  back  to  room  tem- 
perature that  the  conductance  had  increased  by  an  amount  which  was  greater 
the  longer  the  duration  of  the  previous  heating.  In  one  case  the  conductance  of 
the  saturated  solution  at  29.1°  before  heating  was  3.84  X10-*  reciprocal  ohms,  while 
upon  returning  to  that  temperature  after  heating  for  60  minutes  it  had  become 
4.16  X  10-«. 
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conceivably  arise  from  a  gradual  leaching  out  of  soluble  impurities,  but 
this  is  disproved  by  experiments  that  will  be  described  in  the  next  section. 
The  method  of  heating  and  shaking  just  described  was  used  in  experi- 
ments 1  to  5  (see  table  129)  with  silver  chloride  and  in  all  of  those  with 
silver  sulphocyanate.  A  slightly  different  procedure  was  followed  in 
some  of  the  later  experiments  (6  to  9)  with  silver  chloride  and  in  those 
with  silver  bromide,  in  that  the  bomb  was  removed  from  the  bath  after 
the  latter  had  reached  about  99*  and  vigorously  shaken  before  the  first 
bridge-reading  was  taken;  after  which  it  was,  as  before,  removed  from 
the  bath,  well  shaken,  returned  to  it,  heated  again  for  30  to  60  minutes, 
and  a  new  reading  taken.  Even  in  this  case  the  agitation  took  place 
somewhat  below  100*,  since  the  bomb  cooled  off  a  little,  while  it  was  out 
of  the  bath ;  but  it  is  probable  that  enough  fine  particles  remained  in  sus- 
pension to  secure  saturation  in  the  subsequent  period  of  heating.  In  the 
last  two  experiments  with  silver  chloride  (10  and  11)  the  bomb  was  not 
shaken  before  the  first  reading  at  100*,  but  was  heated  for  an  unusually 
long  period  of  time  (136  and  265  minutes,  respectively)  ;  and  afterwards 
the  effect  of  rocking  the  bomb  gently  in  the  bath  was  tried. 

108.    THE  CONDUCTIVITY  DATA. 

The  following  table  contains  the  results  of  the  measurements.  The 
headings  are  for  the  most  part  self-explanatory.  All  the  conductivity 
values  are  those  of  the  specific  conductance  expressed  in  reciprocal  ohms 
and  multiplied  by  10*.  The  conductance  of  the  water  at  100*  was  cal- 
culated, as  stated  above,  from  that  at  46*  by  multiplying  by  1.9.  The 
headings  "first  value"  and  "second  value"  under  "Specific  conductance 
of  solution  at  /*"  will  be  understood  from  the  description  of  the  proce- 
dure in  the  last  section;  the  "second  value"  was  always  that  obtained 
by  removing  the  bomb  from  the  bath  after  the  "first  value"  was  observed, 
shaking  it  vigorously,  and  heating  it  again  for  a  considerable  period.  In 
the  last  column  the  time  in  minutes  that  the  bomb  was  heated  in  the 
100*  bath  before  the  reading  for  the  "first  value"  was  taken,  is  given 
under  I,  and  the  time  between  the  "first"  and  "second  values"  is  given 
under  11.  In  the  determinations  with  silver  chloride  the  sample  prepared 
from  silver  nitrate  and  hydrochloric  acid  was  used  in  experiments  4  and 
5,  that  from  silver  nitrate  and  sodium  chloride  in  all  the  others.  In 
experiments  6  to  9  the  same  portion  of  silver  chloride  was  used,  being 
treated  successively  with  fresh  portions  of  water,  to  see  whether  the 
apparent  solubility  would  decrease  owing  to  the  leaching  out  at  first  of 
more  soluble  impurities. 
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Table  129. — Specific  conductance  of  saturated  solutions  nsor  JOO^. 


8ILVBR    CHLORIDB. 

Ezperi- 
nent  No. 

Date. 

Speciic  condict- 
•nce  of  wtter. 

Temper- 
atvreof 
ezperi; 

Speciic  coodict- 
anceoftolitioaM^ 

SpedAc  cott^Md- 
•acc  of  Mh  M  /®. 

Tfawof 
keadsf. 

At  46®. 

At  100® 

Flm 
TslaeLi 

8mmi4 

k-iw 

l^^ 

I. 

If. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Mean  . 
a.  d.. . 

1905 

July  28.. 
July  29.. 
July  29.. 
July  31.. 
Aug.    1.. 
Aug.    9. . 
Aug.    9. . 
Aug.    9. . 
Aug.  10.. 
Aug.  10.. 
Aug.  11.. 

1.33 
1.25 
1.50 
1.30 
1.20 
1.86 
1.58 
1.67 
1.75 
1.25 
1.62 

2.58 
2.38 
2.85 
2.47 
2.28 
3.53 
3.00 
3.17 
3.33 
2.38 
3.08 

100.1 

100.0 

99.9 

99.7 

99.9 

100.2 

100.2 

100.2 

100.2 

100.2 

100.1 

60.76 
60.40 
60.54 
59.72 
60.27 
61.72 
60.82 
61.69 
62.20 
60.16 
•61.94 

61.82 
*62.16 

•6o!47 

'62!35 
61.35 

*62!47 

'62!27 

58.18 
58.02 
57.69 
57.25 
57.91 
58.19 
57.82 
58.52 
58.87 
67.78 
58.86 

59.84 
59.78 

58.00 

'58!82 
58.35 

'59!i4 

80 
75 
55 
80 
60 
60 
55 
60 
70 
135 
265 

40 
60 

"io 
"io* 

30 

"io 

100.06 

58.10 
0.35 

58.93 
0.46 

90 

50 

SILVER    SULPHOCYANATB. 

1 

2 

3 

4 

Mean  . 
a«  d..  • 

Aug.    3.. 
Aug.    3.. 
Aug.    4. . 
Aug.    4. . 

1.30 
1.47 
1.10 
1.26 

2.47 
2.79 
2.09 
2.39 

100.1 
100.1 
100.1 
100.1 

17.23 
•16.91 
•17.24 
"17.28 

17.65 

14.76 
14.12 
15.15 
14.89 

15.18 

95 
50 
75 
50 

30 

100.10 

14.73 
0.30 

15.18 

67 

30 

1 

2 

3 

4 

5 

Mean  .. 
tu  d.. . 

Aug.     7. . 
Aug.     7. . 
Aug.     8. . 
Aug.     8.. 
Aug.    8.. 

1.01 
1.20 
1.19 
1.29 
1.37 

1.92 
2.28 
2.26 
2.45 
2.60 

99.95 
•99.95 
100.1 
100.1 
100.1 

10.36 

10.89 

9.91 

"10.62 

•10.34 

•11.46 
i6.'92 

8.44 
•8.61 
7.65 
8.17 
7.74 

'9.54 
8.66 

45 
'60 
55 
60 
70 

•25 
"75* 

100.06 

8.00  '     A-ftA 

56 

75 

1 

0.30 

1 

1 

^On  shaking  again  and  heating  for  45  minutes  longer  the  value  became  62.87,  corresponding 
to  an  increase  of  0.95  per  hour. 

*For  full  data  on  the  effect  of  repeated  shaking  and  heating  in  this  experiment  see  section  II. 

'These  values  were  obtained  after  rocking  the  bomb  in  the  bath.  The  changes  oroduced  by 
it  were,  however,  not  large,  except  in  one  case,  where  the  bomb  had  not  been  oeated  long 
enough.  They  amounted  to  +  0.98  in  expt  10  and  +  0.16  in  expt  11  with  silTer  chloride,  to 
—  0.16  in  expt  2,  +  0.18  in  expt.  8,  and  +  0.16  in  expt  4  with  the  sulphocysnate;  ana  to 
-f  0.19  in  expt  4  and  +0.09  in  expt.  6  with  the  bromide. 

*On  shaking  and  heating  for  40  minutes  longer  the  value  became  62.63  corresponding  to  an 
increase  of  0.54  per  hour. 

*On  shaking  and  heating  for  35  minutes  longer  the  value  became  12.19  and  after  another 
60  minutes,  18.28,  corresponding  to  increase  of  1.25  and  1.09  per  hour. 

^Omitted  in  calculating  the  mean  since  the  measurements  at  room  temperature  showed  con- 
tamination. 

^Omitted  in  calculating  the  mean  since  the  rate  of  progressive  change  was  abnormally  large. 
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109.    FINAL  CONDUCTANCE  VALUES  FOR  THE  SATURATED  SOLUTIONS. 

Attention  may  be  first  called  to  the  results  with  the  two  separate 
samples  of  silver  chloride.  That  prepared  with  hydrochloric  acid  and 
used  in  experiments  4  and  5  gave  the  mean  value  67.58  at  99.80*  while 
the  sample  made  from  sodium  chloride  gave  58.22  at  100.12*.  Reduced 
to  a  common  temperature  of  100°  by  means  of  the  temperature-coefficient 
3.7  per  cent  per  degree  (see  below)  these  values  become  58.01  and  67.96, 
which  are  in  close  agreement. 

It  may  be  next  pointed  out  that  the  four  experiments  (6-9)  made  suc- 
cessively with  the  same  portion  of  silver  chloride  do  not  show  any  pro- 
gressive decrease,  the  values  being  58.19,  67.82,  58.52,  68.87,  thus  making 
it  improbable  that  soluble  impurities  are  enclosed  within  the  solid  salt 
and  are  gradually  leaching  out. 

It  is  also  of  some  interest  to  compare  the  mean  value  from  experiments 
1-6  with  that  from  experiments  6-9,  since  in  the  latter,  but  not  in  the 
former,  the  bomb  was  shaken  after  the  temperature  of  the  bath  had  been 
nearly  attained.  These  two  mean  values  are  67.81  at  99.92',  and  68.36  at 
100.20*,  which  when  reduced  to  100*  become  67.98  and  57.92,  respectively, 
thus  confirming  the  conclusion  that  saturation  was  attained  in  both  series. 

It  will  be  seen  that  the  variable  errors  give  rise  to  an  average  deviation 
of  the  separate  values  from  the  mean  conductivity  of  the  salts  of  about 
0.3  X  lO"*  reciprocal  ohms  in  all  three  cases.  Far  more  serious,  however, 
are  probably  the  constant  errors,  which  may  arise  from  the  failure  to 
attain  complete  saturation  in  the  '^  first  values"  at  any  rate,  and  from  the 
contamination  of  the  solution  by  the  progressive  decomposition  of  the 
salt.  These  two  errors  would  affect  the  results  in  opposite  directions.  It 
is,  however,  probable  from  what  has  been  said  above  that  the  former 
source  of  error  is  insignificant  in  comparison  with  the  latter.  The  best 
method  of  treatment  seems  to  be,  therefore,  to  apply  a  correction  for  the 
progressive  increase  in  conductance.  Assuming  that  complete  saturation 
was  attained  in  the  case  of  the  first  values  l^  —  l^,  then  the  increase 
(l,  —  Lw)  —  (Li  —  Lw)  is  wholly  due  to  progressive  contamination,  and 
assuming  further  that  it  is  proportional  to  the  time,  we  may  obtain  a  better 
value  by  subtracting  from  l^  —  Lw  the  product  of  this  increase  by  the 
ratio  of  the  first  period  of  heating*  to  the  second  period.  In  making 
this  calculation,  the  mean  increase  per  hour  was  first  computed  for  each 
salt  from  all  the  experiments  for  which  both  "first"  and  "second  values" 
are  given  in  the  table.f    Correcting  in  this  way  the  mean  of  the  first 

♦Decreased  by  ten  minutes  to  allow  for  the  time  required  to  raise  the  bomb  from 
20*  to  100*. 

tThis  was  found  to  be  0.96  for  AgQ,  0.84  for  AgSCN,  and  0.80  for  AgBr.  per 
hour.    Compare  the  values  given  in  foot  notes  1,  4,  and  9  to  table  129. 
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values  in  the  table  we  get  the  following  final  results,  which  have  also 
been  corrected  to  100*  with  the  help  of  the  van't  Hoflf  equation*  and  the 
temperature-coefficient  of  the  conductivity  of  silver  nitrate.f 

Table  130. — Specific  conductance  of  the  satu- 
rated solutions  at  Joo^. 


Salt. 

Spcciflc 

coodvctaacc 

XlOi. 

AkCI 

56.7 

13.9 

7.4 

AfirSON 

AfirBr 

******  •••••••••••••••••• 

It  seems  very  improbable  that  the  errors  from  any  source  in  these  final 
values  exceed  half  the  differences  between  them  and  the  "first  values" 
directly  observed.  Under  this  assumption  the  possible  percentage  errors 
are  1.2  for  the  chloride,  2.9  for  the  sulphocyanate,  and  4.0  for  the  bromide. 


no.    THE  SOLUBttJTY  VALUES. 

To  derive  the  solubility  (in  equivalents  per  cubic  centimeter)  from 
these  conductance  values,  it  is  necessary  to  divide  them  by  the  equivalent 
conductance  (A©)  of  the  salt  at  zero  concentration  and  at  100*.  The  A^ 
value  for  silver  nitrate  at  100*  has  already  been  determined  to  be  367  by 
Mr.  A.  C.  Melcher;  and  since  those  for  the  three  silver  salts  in  question 
are  known  to  differ  from  this  by  only  3  to  4^/2  per  cent  at  20*t,  and 
the  differences  between  the  mobilities  of  various  ions  become  less  with 
rising  temperature,  no  error  of  importance  will  be  made  by  assuming 
the  Ao-values  for  the  three  salts  to  differ  from  that  for  the  nitrate  at  100* 
by  half  the  percentage  amount  by  which  they  differ  from  it  at  20*.  The 
Ao-values  at  100*  calculated  under  this  assumption  are  373  for  AgCl,  359 
for  AgSCN,  and  375  for  AgBr. 

The  solubility  values  at  100*  computed  in  this  way  and  expressed  in 
milligrams  and  in  equivalents  per  liter  are  given  in  the  following  table, 
For  comparison  the  values  previously  found  at  20*  and  the  ratio  of  the 

JO /o  r 

*    f>P  ^2RT*'  ^^^^^  '^  '^  ^^^  solubility  and  L  the  molal  heat  of  solution,  whose 

values  are  cited  in  the  next  section.       ,1.    is  thus  found  to  be  at  100**  2.8  per  cent  for 

al 

AgCl,  4.0  per  cent  for  AgSCN,  and  3.6  per  cent  for  AgBr. 

tThis  temperature-coefficient  has  been  found  by  Mr.  A.  C.  Melcher  to  be  0.88 
per  cent  at  100**.  Combining^  this  with  the  temperature-coefficient  of  the  solubility, 
we  get  for  the  temperature-coefficient  of  the  conductance  of  the  saturated  solutions 
3.7  per  cent  for  AgCl,  4.9  per  cent  for  AgSCN,  and  4.5  per  cent  for  AgBr. 

tSee  Bottger,  Zstchr.  phys.  Chem.,  46,  596  (1903).  The  values  at  20**  are  121.7 
for  AgNO.,  125.5  for  AgCl,  127.1  for  AgBr,  and  116.1  for  AgSCN.  Those  for  the 
three  latter  salts  differ  from  that  for  the  nitrate  by  +  3.1  +  4.4,  and  —  4.6  per  cent, 
respectively. 
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solubility  at  100**  (5*100)  to  that  at  20**  (5*20)  are  given  in  parallel  columns. 
The  percentage  errors  in  these  100**  solubility  values  are  of  the  same  mag- 
nitude as  those  in  the  100**  values  of  the  specific  conductances.  (See  end 
of  section  109.) 

Table  131. — Solubility  of  silver  chloride,  sulpho- 
cyanate,  and  bromide. 


Milligramt     EquiYtlenti    EqaiYtlenti 
Salt.              per  liter       per  liter  at  i  per  liter  at 
at  100°.        100°X10«.     20°X10«. 

Ratio 

5ioo/5'to. 

AgCl 

AgSCN  . . 
AgBr 

21.8 
6.4 
3.7 

152 
39 
20 

jni.o 

ltlO.6 
t  0.83 
J*  0.54 
It  0.45  , 

13.8 
14.3 
46 

(35 

(42 

*KohIrau8cb,  Z.  phys.  Chem.,  60«  356  (1905). 
by  means  of  his  own  temperature-cocfllicients. 
tBottger,  Z.  phys.  Chem.,  46,  602  (1903). 


I  have  corrected  his  values  to  20° 


The  increase  of  solubility  with  the  temperature  is  much  less  in  the  case 
of  silver  chloride  than  of  the  other  two  salts.  It  is  of  some  interest  to 
apply  to  these  results  the  integrated  form  of  the  van*t  Hoff  equation : 

^^*  S,  "  2R      T^T^ 

Since  there  are  undoubtedly  considerable  errors  in  the  very  small  solu- 
bility at  20**  of  the  sulphocyanate  and  bromide,  the  best  method  is  to  use 
the  formula  in  calculating  this  solubility  (S^)  from  that  at  100*  (S^) 
with  the  help  of  the  heat  of  solution  (L).  The  values  of  the  heat  of  pre- 
cipitation as  determined  by  Thomsen*  at  about  18**  by  metathesis,  which 
are  equal  to  the  heat  L  absorbed  by  the  dissolving  of  one  equivalent,  are 
15,850  cal.  for  AgCI.  22,400  cal.  for  AgSCN,  and  20,100  cal.  for  AgBr. 
The  so  calculated  values  of  the  solubility  X  lO"'  at  20**  are :  8.1  for  AgCl, 
0.G2  for  AgSCN,  and  0.47  for  AgBr.  The  agreement  with  the  observed 
values  is  as  good  as  could  be  expected  in  the  case  of  the  last  two  salts, 
but  is  not  very  satisfactory  in  the  case  of  silver  chloride.  It  is  possible, 
of  course,  that  the  assumption  involved  in  the  integration  that  the  heat 
of  solution  remains  constant  through  so  wide  a  temperature-interval  is 
attended  with  considerable  error. 

Attention  may  also  be  called  to  the  relatively  large  solubility  of  silver 
chloride  at  100**,  which  amounts  to  21.8  milligrams  per  liter.  This  shows 
clearly  that  the  statement  made  in  several  text-books  on  quantitative 
analysisf  that  this  substance  may  be  washed  with  hot  water  is  a  mis- 
leading one. 

*See  Ostwald's  Lehrbuch,  II,  1,  335,  439. 

tClassen,  Ausgewahlte  Methoden  der  analytischen  Chemie,  1,  2;  Fresenius,  Anleit- 
iing  zur  quant,  chem.  Analyse  (6te  Aufl.)  1,  298-299;  Jannasch,  Praktischer  Leit- 
fadcn  der  Gewichtsanalyse,  1,  10. 
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The  Equivalent  Conductance  of  the  Hydrogen-Ion 
Derived  from  Transference  Experi- 
ments WITH  Nitric  Acid. 

By  Arthur  A.  Noybs  and  Yogoro  Kato. 
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Part  XI. 

THE  EQUIVALENT  CONDUCTANCE  OF  HYDROGEN-ION  DERIVED  FROM 
TRANSFERENCE  EXPERIMENTS  WITH  NITRIC  ACID. 


111.    OUTLINE  OF  THE  INVESTIGATION. 

In  an  article  published  four  years  ago  by  A.  A.  Noyes  and  G.  V. 
Sammet*  there  were  described  some  transference  determinations  made 
with  ^,  ^  and  ^  normal  hydrochloric  acid  at  10**,  20**,  and  30**,  which 
when  combined  with  the  equivalent  conductance  of  chloride-ion  (using 
the  value  of  Kohlrausch)  yielded  for  hydrogen-ion  a  much  higher  equiva- 
lent conductance  than  that  which  had  been  derived  from  the  conductivity 
of  acids  at  high  dilutions.  Thus  the  value  for  hydrogen-ion  at  18**  derived 
from  the  transference  experiments  was  330,  while  that  of  Kohlrausch 
derived  from  conductivity  was  318.  This  serious  divergence  appeared 
greater  than  the  possible  errors  in  the  transference  determinationsf ;  and  it 
seemed  as  if  it  must  be  due  either  (1)  to  an  error  in  the  extrapolated 
values  of  the  equivalent  conductance  of  acids  at  zero  concentration,  (2) 
to  the  formation  of  complex-ions  or  some  other  abnormality  of  the  hydro- 
chloric acid,  or  (3)  to  a  marked  difference  in  the  relative  velocities  of  the 
hydrogen-ion  and  the  anion,  at  moderate  and  at  very  low  concentrations. 
To  test  the  first  of  these  possibilities  a  study  of  the  effect  of  the  impurities 
in  the  water  upon  the  conductance  of  very  dilute  hydrochloric  and  nitric 
acids  was  made  in  this  laboratory  by  H.  M.  Goodwin  and  R.  Haskell,}:  the 
results  of  which  showed  that,  after  eliminating  the  effect  of  impurities  as 
far  as  possible,  a  value  for  the  equivalent  conductance  of  hydrogen-ion 
at  extreme  dilution  (315  at  18**)  even  lower  than  that  previously  derived 
by  Kohlrausch  (318)  was  obtained. 

In  view  of  these  results  it  did  not  seen  possible  that  the  divergence 
could  be  due  to  the  first-mentioned  cause.  The  present  investigation  was 
therefore  undertaken,  in  order  to  test  the  second  explanation,  or  that  being 
excluded,  to  establish  the  correctness  of  the  third  one. 

For  it  was  thought  that  independent  transference  experiments  with 
another  acid,  if  they  yielded  results  concordant  with  those  with  hydro- 
chloric acid,  would  serve  both  to  exclude  any  specific  error  that  might 
arise  from  complex-ion  formation  or  other  individual  peculiarity  of  that 

♦J.  Am.  Chcm.  Soc.,  24,  944-968;  25,  165-168  (1902-3);  Ztschr.  phys.  Chem.,  43, 
49-74  (1903). 

tXhe  experimental  results  of  Noyes  and  Sammet  have  recently  been  fully  con- 
firmed by  those  of  Jahn,  Joachim  and  Wolff  (Z.  phys.  Chem.,  58,  641  (1907). 

tPhys.  Rev.,  19,  369-396  (1904) ;  Proc.  Am.  Acad.,  40,  399-415  (1904).  Reviewed 
in  Z.  phys.  C:hem.,  52,  630  (1905). 
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acid  and  to  coniinn  the  experimental  accuracy  of  the  transference  data, 
and  that  they  would  thus  establish  the  fact  that  a  marked  change  in  the 
relative  migration-velocity  of  the  ions  of  acids  takes  place  on  passing 
to  very  low  concentrations.  Nitric  acid  was  selected  as  the  second  acid, 
since  it  is  of  quite  a  different  chemical  character.*  Another  purpose  of 
this  investigation,  bearing  directly  on  the  third  suggestion  mentioned 
above,  was  to  extend  the  transference  measurements  with  both  adds  to 
a  dilution  of  about  0.002  normal. 

112.    PREPARATION  AND  STANDARDIZATION  OF  THE  SOLUTK^S. 

The  chemically  pure  nitric  acid  of  trade  was  freed  from  lower  oxides 
of  nitrogen  by  diluting  it  with  two-thirds  its  voltmie  of  conductivity 
water  and  drawing  a  current  of  purified  air  through  it.  It  was  care- 
fully tested  (using  6-10  c.cm.)  for  chloride  with  silver  nitrate,  for  sul- 
phate by  evaporation  with  barium  chloride,  for  ammonia  with  Nessler 
reagent,  and  for  nitrite  by  diluting  and  adding  starch  and  potassium 
iodide.  These  impurities  could  not  be  detected  at  all,  or  were  present 
only  in  entirely  insignificant  quantity.  Diluter  solutions  (from  0.06  to 
0.0006  normal)  were  made  up  with  water  having  in  all  cases  a  specific  con- 
ductance lying  between  0.9  and  1.2  X  10"*  reciprocal  ohms  at  18*,  and 
were  titrated  with  the  help  of  phenolphthalein  against  a  0.1  normal  solu- 
tion of  barium  hydroxide,  which  had  been  repeatedly  crystallized  and 
was  proved  to  be  substantially  free  from  chloride,  and  also  from  silica, 
calcium,  strontium,  or  other  metals  than  barium  (by  precipitating  with 
sulphuric  acid  and  evaporating  the  filtrate  to  dryness  in  a  platinum  dish, 
when  a  scarcely  weighable  residue  was  obtained).  The  strength  of  the 
barium  hydroxide  solution  was  determined  g^avimetrically  both  by  pre- 
cipitating with  sulphuric  acid  after  neutralizing  with  hydrochloric  acid 
and  by  evaporating  to  dryness  with  pure  nitric  acid  and  weighing  the  resi- 
due of  Ba(N08)2  after  heating  to  1G0°  -  180°.    The  two  methods  gave  for 

the  content  of  the  solution  in  milli-equivalents  per  kilogram  /no  531 

and  jH^'Iff  respectively;  the  value  adopted  was  110.64.    Afterwards 

two  other  solutions  of  barium  hydroxide  were  prepared  and  titrated 
against  nitric  acid  solutions  which  had  been  standardized  against  the  first 
barium  hydroxide  solution.  Solution  No.  2  contained  0.11904,t  and  solu- 
tion No.  3  contained  0.05859J  equivalents  per  kilogram  of  solution* 

The  five  solutions  of  nitric  acid  varying  from  about  0.06  to  0.006 

♦A  single  transference  experiment  has  already  been  made  with  this  acid  at  25* 
at  0.05  normal  concentration  by  Bein  (Z.  phys.  Chem.,  27,  44.  1898). 

tl86.83  gm.  of  this  solution  (the  total  amount  used  in  three  concordant  C3q>cri- 
ments)  neutralized  388.08  gms.  of  HNOs  Sol.  No.  2. 

$118.19  gm.  of  this  solution  (used  in  five  concordant  experiments)  neutralized 
1048.90  gms.  of  HNO.  Sol.  No.  5. 
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normal,  which  were  standardized  for  use  in  this  work  against  these  barium 
hydroxide  solutions  showed  as  a  mean  in  each  case  of  5  or  6  determina- 
tions a  content  in  milli-equivalents  per  kilogram  of  solution  as  follows : 


No.  1 

No.  2 

No.  3 

No.  4 

No.  S 

Content  59.22 

57.42 

18.426 

6.809 

6.605 

A.  D.    0.01 

0.00 

0.003 

0.001 

0.001 

The  very  dilute  solutions  (approximately  0.002  normal)  of  nitric  and 
hydrochloric  acids  employed  could  hardly  be  titrated  with  sufficient  accu- 
racy by  this  method.  The  concentrations  both  of  the  original  solutions  and 
of  the  portions  after  electrolysis  were  therefore  determined  by  measuring 
their  conductance  by  the  usual  Kohlrausch  method  in  a  cylindrical  cell 
with  horizontal  electrodes,  and  dividing  the  corresponding  specific  con- 
ductance by  the  equivalent  conductance  of  the  acid  in  question  at  this 
concentration  and  temperature.  Goodwin  and  Haskell*  have  recently 
determined  the  equivalent  conductances  at  18**  in  0.002  normal  solution 
to  be  371.3  for  HNO,,  and  376.0  for  HCl  at  18",  from  which  follows  with 
the  help  of  Deg^isne's  temperature-coefficients  if  383.4  for  HNO,  and 
387.4  for  HCl  at  20**,  which  are  the  values  we  have  used  in  calculating 
the  original  concentrations.  The  actual  conductance  measured  in  the 
conductivity  vessel,  the  specific  conductance,  and  the  concentration  in 
milli-equivalents  per  liter  calculated  therefrom  were  as  follows : 


Nitric  icid  lolation 

Hydrochloric  icid  lolation 

No.  6.                  No.  7. 

No.  1. 

No.  2. 

Actual  condactance  X  10* 

Speoifle  oondaotanoe  X  10* 

Aiilll-eqiiivalente  per  liter 

2,142                ,094 
847.3             828.4 
2.210             2.161 

1,975 
781.3 
2.017 

•2,136 
845.0 
2.181 

*The  value  found  before  the  first  experiment  witli  this  solution  was  21866,  that  between  the 
fourth  and  fifth  experiments  was  21372,  showing  that  there  was  no  considerable  change  from 
contamination  during  the  course  of  the  work. 

The  conductance-capacity  of  the  conductivity  vessel  was  0.3956  for  all 
the  measurements  presented  in  this  article.^:  Hydrochloric  acid  solution 
No.  1  was  made  by  diluting  quantitatively  by  weight  (with  water  of  con- 
ductivity 0.9  X  lO'*)  a  0.13737  normal  solution  which  had  been  stand- 
ardized by  weighing  the  silver  chloride  obtainable  from  it;  the  concen- 
tration calculated  from  the  dilution  was  2.015  in  close  agreement  with 
that  derived  from  the  conductivity  (2".017).  Solution  No.  2  was  pre- 
pared from  the  same  stock  solution,  which  was  itself  made  by  treating 
pure  salt  with  pure  sulphuric  acid,  redistilling  the  strong  acid  obtained, 
and  diluting  it;  it  was  proved  to  be  free  from  non- volatile  matter  and 
from  sulphuric  acid. 

♦Phys.  Rev.,  19,  381,  383  (1904).  These  values  like  all  of  ours  given  below  were 
not  corrected  for  the  conductance  of  the  water. 

fKohlrausch  and  Holbom,  Leitvermogen  der  Elektrolyte  (1898),  p.  199. 

tA  0.009954  normal  potassium  chloride  solution  measured  m  it  showed  as  an  aver- 
age of  several  determinations  a  conductance  of  3111.3  X  1^*  reciprocal  ohms. 
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113.    DESCRIPTION  OF  THE  EXPERIMENTS. 

The  apparatus,  consisting  of  two  connecting  U-tubes,  was  almost  iden- 
tical with  that  used  by  Noyes  and  Sammet,  and  the  procedure  followed  in 
the  transference  experiments  was  nearly  the  same.    Referring  the  reader 
therefore  to  their  article*  for  the  main  features,  we  will  here  describe 
only  the  modifications  adopted  in  our  work.    In  order  to  avoid  all  danger 
from  leakage,  the  two  U-tubes  were  joined  by  drawing  over  their  ends 
two  thicknesses  of  light  black  tubing,  tightly  wiring  this  on,  and  entirely 
covering  the  joint  with  melted  paraffin.   The  anode  consisted  of  a  circular 
platinum  plate,  convex  downward,  soldered  with  gold  to  a  platinum  wire. 
The  cathode  was  a  straight  platinum  wire  which  dipped  into  the  solution 
always  less  than  1  cm.,  so  that  by  having  the  current  dense  the  reduction 
of  the  nitric  acid  was  as  far  as  possible  prevented.     Since  the  solution 
weakened  around  the  cathode  and  concentrated  around  the  anode,  to  avoid 
stirring,  the  cathode  arm  was  filled  with  liquid  nearly  to  the  top,  while  the 
anode  arm  was  filled  only  a  few  centimeters  above  the  bend  and  the  elec- 
trode was  placed  just  below  the  surface.    To  keep  the  solution  at  this  level 
the  anode  arm  was  fitted  with  a  rubber  stopper  carrying  a  delivery  tube 
which  dipped  into  an  outside  vessel  of  water  whose  level  could  be  varied. 

Given  in  outline,  the  method  of  carrying  out  the  transference  experi- 
ments consisted  in  passing  a  suitable  current  for  three  hours  and  fifteen 
minutes  (except  when  otherwise  noted  in  the  table)  through  the  stand- 
ard nitric  or  hydrochloric  acid  solutions  in  the  apparatus  just  described, 
determining  the  quantity  of  electricity  by  means  of  two  silver  coulometers 
placed  in  series  with  it,  one  on  either  side,  dividing  the  electrolyzed  solu- 
tion into  a  cathode,  an  anode,  and  three  middle  portions,  and  titrating 
each  of  these  with  barium  hydroxide  (or,  in  the  case  of  the  0.002  normal 
solutions,  measuring  the  conductance  at  20°)  to  determine  the  concen- 
tration-changes. From  the  analyses  of  the  cathode  and  anode  portions 
two  separate  values  of  the  transference-number  were  obtained,  and  by 
the  analysis  of  the  middle  portions  it  was  made  certain  that  no  error  arose 
through  convection. 

it  The  method  of  procedure  at  the  end  of  the  electrolysis  was  to  transfer 

by  means  of  a  pipette  the  three  middle  portions  to  tared  wide-mouth 
Erlenmeyer  flasks  with  rubber  stoppers.  Then  the  two  U-tubes  were 
separated  from  each  other,  stoppered,  well  cleaned  and  dried  outside,  and 
weighed.  The  solutions  in  them  were  then,  after  thorough  mixing,  poured 
as  completely  as  practicable  into  tared  flasks,  again  weighed,  and  finally 
titrated,  allowance  being  made  in  the  calculation  for  the  small  portion 
that  remained  in  the  tubes,  which  were  themselves  cleaned,  dried,  and 


il 


>ll 


*J.  Am.  Chem.  Soc,  24,  946  (1902)  ;  Ztschr.  phys.  Chem.,  43,  51  (1903). 
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weighed  empty.  In  the  titration  of  all  the  portions,  the  quantity  of 
barium  hydroxide  solution  added  was  determined  by  again  weighing  the 
flasks  containing  them  after  exact  neutralization  with  the  base.  In  those 
cases  where  the  titration  was  replaced  by  a  measurement  of  the  con- 
ductance, each  portion  was  poured  in  succession  into  a  cylindrical  con- 
ductance-cell with  horizontal  platinized  electrodes  2.5  cm.  apart  and 
measured  as  accurately  as  possible,  using  three  resistances  in  the  rheostat. 

The  principal  error  to  be  feared  was  that  which  might  arise  in  the 
analysis  of  the  cathode  portion  through  the  reduction  of  some  of  the 
nitric  acid  by  the  electrolytic  hydrogen.  To  reduce  this  to  a  minimum 
the  cathode  was,  as  already  stated,  made  as  small  as  possible.  Since 
careful  analytical  tests*  showed  (except  in  one  experiment.  No.  2,  where 
the  cathode  was  known  to  be  badly  arranged)  no  nitrite  or  ammonia  in 
the  cathode  portion  or  nitrous  vapors  in  the  hydrogen  evolved,  there  is 
good  reason  to  believe  that  the  error  from  this  source  was  not  serious 
in  most  of  the  other  experiments.  The  eflFect  of  this  error,  it  may  be 
noted,  would  be  to  cause  an  apparent  increase  in  the  transference  number 
of  the  anion  when  calculated  from  the  cathode  change. 

In  case  of  the  0.002  normal  hydrochloric  acid  solution  investigated  there 
was  the  possibility  of  an  opposite  error  from  the  liberation  of  chlorine  at 
the  anode,  which  would  have  resulted  in  too  small  a  transference  number 
as  calculated  from  the  anode  change.  With  so  very  dilute  a  solution 
and  the  low  current-density  used,  there  was  probably  little  danger  of 
this;  but  to  detect  any  such  eflFect,  two  diflFerent  forms  of  anodes  were 
employed  —  a  short  platinum  wire  in  experiments  1-5  (see  table  122) 
and  a  platinum  disc  in  experiments  6,  7,  9,  and  10.  As  the  mean  results 
(167.8  and  168.8)  with  the  two  electrodes  with  such  diflFerent  surface- 
areas  agreed  almost  completely,  it  seems  hardly  possible  that  there  was 
a  serious  error  from  this  source,  especially  in  the  latter  experiments.f 

In  order  to  determine  what  error,  if  any,  might  arise  in  the  very  dilute 
solutions  from  contamination  during  the  experiment,  a  "blank**  experi- 
ment was  made,  in  which  the  solution  was  treated  in  absolutely  the  same 
way  as  usual  except  that  no  current  was  passed.    The  stock  solution  of 

*These  tests  were  made  by  adding  to  10  can.  of  the  cathode  portion  after  its 
neutralization  a  few  drops  of  pure  sulphuric  acid  and  some  starch  solution  contain- 
ing potassium  iodide ;  by  adding  to  10  ccm.  of  the  neutralized  portion  a  few  drops  of 
Nessler  reagent;  and  t^  conducting  the  hydrogen  evolved  at  the  cathode  throujrii  a 
tube  containmg  filter  paper  moistened  with  a  solution  of  starch  and  potassium  iodide. 
AH  these  tests  gave  a  slight  positive  indication  in  the  one  expenment  mentioned 
above,  but  in  no  other  case,  though  they  were  tried  in  most  of  them. 

fThe  oathodes  were  also  varied  in  form  (since  the  cathode  results  were  consid- 
erably higher  than  the  anode  results),  though  there  seemed  to  be  no  possibility  of 
an  abnormal  reaction.  A  platinum  disc  was  used  in  experiments  1-5,  a  spiral  wire 
in  6-8,  and  a  short  straight  wire  in  9-10.  The  form  of  electrode  had  no  influence, 
however.    In  experiment  8  a  silver  anode  was  used. 
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hydrochloric  acid  used  (No.  2)  had  a  conductance  of  21372  and  the  por- 
tions withdrawn  at  the  end  of  the  experiment  had  conductances  as 
follows :  A',*  21336 ;  Af k,  21365 ;  Af ,  21349 ;  Ma,  21349 ;  A,  21356.  There 
was  on  an  average  a  decrease  of  0.1  per  cent  Although  this  would 
cause  a  not  inconsiderable  divergence  of  the  cathode  and  anode  trans- 
ference numbers,  yet  it  would  not  affect  their  mean  appreciably ;  therefore 
no  correction  was  made  for  it  (except  that  the  use  of  21360  as  the  initial 
value  eliminated  it  in  great  measure  in  the  experiments  with  this  solution.) 

114.    THE  EXPERIMENTAL  DATA. 

The  data  of  the  experiments  and  the  calculated  transference  values  for 
the  0.06  —  0.007  normal  nitric  acid  solutions  are  given  in  tables  132  - 134. 
The  first  column  contains  the  number  of  the  experiment;  the  second^  the 
number  of  the  acid  solution  used ;  the  thirds  letters  representing  the  dif- 
ferent portions  submitted  to  analysis,  K  signifying  the  cathode  solution, 
Mk  the  adjoining  middle  portion,  M  the  next  portion,  Ma  the  portion 
adjoining  the  anode,  and  A  the  anode  portion  itself;  the  fourth,  the 
weight  in  grams  of  the  separate  portions ;  the  Hfth  contains  the  number 
of  grams  of  barium  hydroxide  solution  used  in  neutralizing  the  portions 
after  the  electrolysis;  the  sixth,  the  initial  content,  expressed  in  equiva- 
lents and  multiplied  by  10*,  as  calculated  from  the  weight  of  the  portion 
and  the  standardization  value  ;t  the  seventh,  the  final  content  calculated 
from  the  barium  hydroxide  used;  the  eighth,  the  change  in  content  of 
the  separate  portions;  the  ninth,  the  total  change  in  content,  which 
includes  the  changes  in  the  portions  adjoining  the  cathode  and  anode  ;j: 
the  tenth,  the  milligrams  of  silver  precipitated  in  the  coulometers;  and 
the  eleventh,  the  calculated  transference  numbers  for  the  anion  multiplied 
by  1000.§ 

♦For  the  meaning  of  these  letters  see  the  next  paragraph. 

tSec  section  113,  BaOaHa  Solution  No.  1  was  used  in  experiments  1  to  6;  Solu- 
tion No.  2  in  experiments  7  to  26 ;  and  Solution  No.  3  in  experiments  27  to  32. 

^Except  where  the  change  in  the  adjoining  portion  was  opposite  in  sign  to  that 
in  the  electrode  portion. 

§The  way  in  which  these  were  calculated  may  be  illustrated  with  the  help  of  the 
data  obtained  in  the  first  experiment.  The  cathode  portion  submitted  to  analysis 
weighed  214.08  grams  and  was  found  to  require  107.72  gm.  of  the  BaOaHa  solution 
containing  0.11064  milli-equivalents  per  gram,  so  that  the  final  content  of  the  portion 
was  the  product  of  these  last  two  quantities  or  11.918  milli-equivalents.  To  deter- 
mine the  original  content  the  weight  of  the  portion  is  multiplied  by  the  original  con- 
centration of  the  solution  (0.05922  milli-equiv.  per  gm.),  which  gives  12.678  milli- 
equivalents.  The  decrease  in  content  in  the  cathode  portion  is,  therefore,  0.760 
milli-equivalents.  Adding  to  this  the  decrease  in  the  adjoining  middle  portion 
(0.005)  and  dividing  by  the  number  of  milli-equivalents  of  silver  (523.0/107.93) 
precipitated  in  the  coulometer,  the  transference  number  is  found  to  be  0.1579.  The 
small  correction  for  the  change  in  weight  of  the  electrode  portions  by  the  electrol- 
ysis and  transference  is  applied  later. 
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Table  132. — Transference  data  for  0.068  or  iV  normal  nitric  acid  at  20' 


Bzper-    Sola 


laent 
No. 


tion 
No. 


6 


8 


2 


9         2 


10 


11 


tion. 


K 
Mk 
M 
Ma 

A 

K 

Mk 
M 

Ma 

A 

K 

Mk 
M 

Ma 

A 

K 
Mk 

M 
Ma 

A 

M 
Mk 

M 

Ma 

A 

K 

Mk 

M 

Ma 
A 

K 
Mk 

M 

Ma 

A 

K 

Mk 

M 

Ma 

A 

K 
Mk 

M 

Ma 

A 

K 

Mk 

M 

Ma 

A 

K 

Mk 

M 

Ma 

A 


portion.    ,      ^^^^ 


214.08 
74.55 
212.29 
186.16 
303.87 

224.01 
186.40 
185.02 
108.02 
298.46 

245.61 
126.48 
163.15 
137.35 
268.43 

304.16 
109.63 
182.99 
155.70 
273.97 

281.68 
134.58 
134.20 
139.90 
221.38 

304.32 
127.83 
136.01 
132.70 
244.75 

267.30 
128.27 
140.92 
131.81 
236.68 

256.11 
148.68 
141.13 
132.89 
274.66 

295.01 
105.16 
148.18 
147.77 
281.13 

258.40 
135.90 
143.28 
139.93 
253.26 
343.52 
148.88 
162.04 
139.38 
256.25 


6 


107.72 
39.86 

113.50 
99.67 

169.51 

107.59 
99.65 
99.01 
57.86 

171.71 

116.57 
67.56 
87.31 
73.59 

158.32 

147.75 
58.62 
97.86 
83.48 

161.19 

137.67 
72.08 
71.83 
75.01 

131.64 

149.66 
68.43 
72.74 
71.60 

143.76 

122.93 
66.60 
73.07 
68.61 

138.33 

120.13 
77.01 
73.15 
69.05 

155.27 

141.78 
54.64 
76.88 
76.76 

157.05 

124.30 
70.51 
74.35 
72.63 

141.29 

167.97 
77.20 
84.05 
72.33 

143.14 


Initiil 

Fin«I 

content. 

content. 

6 

7 

12,678 

11,918 

4,416 

4,410 

12,576 

12,668 

11,025 

11,028 

17,996 

18,766 

13,266 

11,904 

11,039 

11,026 

10,957 

10,965 

6,397 

6,402 

17,675 

19,002 

14,646 

12,898 

7,490 

7,451 

9,662 

9,660 

8,134 

8,142 

16,897 

17,617 

18,012 

16,348 

6,492 

6,601 

10,837 

10,828 

9,221 

9,231 

16,224 

17,834 

16,681 

16,221 

7,970 

7,976 

7,947 

7.947 

8,285 

8,299 

13,110 

14,666 

^8,022 

16,668 

7,570 

7,672 

8,055 

8,048 

7,859 

7,911 

14,494 

16,906 

15,349 

13,601 

7,365 

7,368 

8,091 

8,086 

7,568 

7,680 

13,590 

16,306 

14,705 

13,292 

8,637 

8,621 

8,103 

8.094 

7,630 

7.640 

15.770 

17,180 

16,939 

15,687 

6,038 

6,035 

8,008 

8,606 

8,485 

8,492 

16,144 

17,376 

14.837 

13,763 

7,803 

7.802 

8,227 

8.227 

8,034 

8,036 

14,642 

15,633 

19,726 

18,684 

8,648 

8,642 

9.304 

9,300 

8,003 

8,003 

14,718 

16,838 

Cbinge 

in 
content. 


i    Totil 
I  chinge 
In 
content. 


8 


+ 


+ 
+ 

+ 

+ 

+ 

+ 
+ 

+ 
+ 


+ 
+ 


+ 
+ 


+ 
+ 


+ 

4- 


+ 


760 

6 

17 

3 

760 

1,362 

13 

2 

6 

1,327 

1,647 

39 

2 

8 

1,620 

1,664 

9 

9 

10 

1,610 

1,460 

6 

0 

14 

1,455 

1,464 

2 

7 

52 

1,412 

1.748 

7 

6 

12 

1,715 

1,413 

16 

9 

10 

1,410 

1,252 
3 
2 
7 

1,232 

1,084 
1 
0 
2 

1,091 

1,141 
6 
4 
0 

1,126 


9 


—   766 


-f    763 
—1,375 


+1,332 
—1,686 


+1,628 
—1,664 


+1,620 
—1,460 


+1,469 
—1.464 


+1,464 
—1,755 


+1,727 
—1,429 


+1.420 
—1,265 


+1.239 
—1,086 


+1,093 
—1,147 


+1.186 


Agin 

coalo- 

meters. 


I  Trini- 

'  ference 

nomber 

X10«. 


10 


523.2 


622.9 
919.6 


919.7 
1,129.6 


1,129.3 
1,118.6 


1,118.8 
1,019.9 


1,020.1 
1,012.8 


1,012.9 
1JM1.3 


1,201.2 
988.3 


989.4 
861.8 


861.4 
758.2 


757.6 


11 


167.9 


167.4 
161.4 


166.3 
161.1 


166.6 
160.6 


166.3 
164.6 


165.4 
156.0 


156.0 
157.7 


156.2 
166.0 


155.0 
157.2 


155.2 
164.5 


155.7 


783.3    158.1 


783.0 


156.0 
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Table  132. — Transference  data  for  0.058  or  ^  normal  nitric  acid  at  20* — CondnuecL 


Bxper- 

inent 

No. 

Weifht  of 
portion. 

a™         ««°^°*-        '•»»*«•      content. 

Total 
change 

in 
conteat. 

Agia 

conlo. 

meteta. 

Traa*- 
fereace 
avaiber 
X10». 

1 

2 

3 

4 

6 

6             7 

8 

9 

10 

11 

12 

2 

K 
Mk 

M 

Ma 

A 

275.18 
154.33 
150.66 
132.84 
304.76 

133.84 
80.06 
78.12 
68.94 

167.07 

15,801 
8,861 
8,650 
7.627 

17,499 

14,808 
8,858 
8,644 
7,6^ 

18,485 

—  993 

—  3 

—  6 

+        1 
+    986 

—  996 

687.1 

150.5 

+   987 

686.8 

155.1 

Tabue  133. — Transference  data  for  0.0184  or  ^  normal  nitric  acid  at  20®. 


Exper- 
iment 
No. 


13 


14 


15 


16 


17 


18 


19 


20 


Sola- 
tlon 
No. 


3 


Por- 
tion. 


K 

Mk 

M 

Ma 

A 

K 
Mk 

M 

Ma 
A 

K 

Mk 
M 

Ma 

A 

K 
Mk 

M 

Ma 

A 

K 

Mk 

M 

Ma 
A 

K 

Mk 

M 

Ma 
A 

K 
Mk 
M 
Mk 

A 

K 

Mk 
M 

Ma 

A 


Weight  of 
portioa. 


288.64 
142.34 
180.71 
150.21 
321.64 

305.45 
151.88 

129! 16 
308.11 

334.04 
157.46 
164.29 
133.13 
363.95 

353.27 
161.93 
175.48 
136.96 
299.07 

342.27 
154.70 
171.63 
145.82 
347.01 

280.38 
145.40 
159.65 
135.00 
307.95 

340.61 
127.96 
159.91 
152.38 
355 . 91 

287.80 
102.36 
111.64 
131.39 
423.23 


BaO^ 

lolation 
uied. 


6 


40.98 
22.01 
27.93 
23.24 
53.39 

42.31 
23.51 

26!6i 
52.70 

46.44 
24.34 
25.42 
20.62 
61.59 

49.64 
25.06 
27.13 
21.23 
51.23 

46.04 
23.89 
26.57 
22.60 
60.64 

36.50 
22.50 
24.70 
20.97 
54.44 

45.45 
19.77 
24.74 
23.65 
62.33 

39.08 
15.79 
17.26 
20.30 
70.95 


Initial 
content. 


6 


5,319 
2,623 
3,329 
2,767 
5,927 

5,628 
2,799 

2,390 
5,677 

6,155 
2,901 
3,027 
2,453 
6,706 

6,509 
2,984 
3,233 
2,524 
5,511 

6,307 
2,851 
3,162 
2,687 
6,394 

5,166 
2,679 
2,941 
2,487 
5,674 

6,276 
2,358 
2,947 
2,808 
6,558 

5,303 
1,886 
2,057 
2,421 
7,799 


Final 
content. 


4,879 
2,680 
8,325 
2,767 
6,370 

5,037 
2,799 

^382 
6,273 

5,529 
2,897 
3,026 
2,455 
7,332 

5,909 
2,983 
3,230 
2,527 
6,099 

5,481 
2,844 
3,163 
2,690 
7,219 

4,345 
2,678 
2,940 
2,496 
6,480 

5,410 
2,354 
2,945 
2,815 
7,419 

4,653 
1,880 
2,055 
2,417 
8,446 


Change 

in 
content. 


8 


—  8 

—  4 
0 

+443 

—591 
0 


+  2 
+596 

—626 

—  4 

—  1 
+  2 
+626 

—600 

—  1 
0 

+     3 

+588 

—826 

—  7 
+  1 
+  3 
+825 

—821 

—  1 

—  1 
+     9 

+806 

—866 

—  4 

—  2 

+  7 
+861 

—650 

—  6 

—  2 

—  4 

+647 


Total 
change 

In 
content. 


+443 
—591 


+598 
—630 


+628 
—601 


+591 
—833 


+828 
—822 


+815 
—870 


+868 
—656 


+647 


Agin 
coale- 


10 


300.7 


300.8 
402.0 


401.8 
420.8 


421.0 
400.5 


400.5 
564.6 


564.7 
552.8 


553.0 
588.7 


588.8 
441.8 


441.7 


Trana- 
ference 
nambcr 
X10». 


11 


159.0 


159.0 
168.7 


160.6 
161.6 


161.0 
162.0 


159.2 
159.2 


158.3 
160.5 


159.1 
159.5 


159.1 
160.3 


158.1 
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Table  134. — Transference  data  for  0.0067  or  j^  normal  nitric  acid  at  20*. 


Exper- 

8ola- 

iment 

tion 

No. 

No. 

1 

2 

21 

4 

22 


23 


24 


25 


26 


27 


28 


29 


♦30 


5 


Por- 
tion. 


K 

Mk. 

M 

Ma 
A 

K 
Mk 

M 

Ma 

A 

K 

M 

Ma 
A 

K 

Mk 

M 

Ma 
A 

K 
M. 

M 

Ma 
A 

K 

Mk 

M 

Ma 
A 

K 

M. 

M 

Ma 

A 

K 

M« 

M 

Ma 
A 

K 

M. 

M 

Ma 

A 

K 

M. 

M 

Ma 
A 


Weight  of 
portion. 


3  ! 


129.36  i 
159.75 
132.01 
372.55  . 

370.41  I 
135.75  ' 
162.43 
124.36 
379.59 

383.23 
123.40 
142.82 
113.52 
406.87 

339.32 
123.67 
162.28 
111.23 
376.62 

352.55 
133.83 
140.73 
127.78 
359.34 

348.65 
139.89 
139.52 
115.36 
393.06 

391.96 
133.43 
167.47 
132.85 
419.49 

369.56 
136.30 
148.75 
116.62 
394.42 

407.05 
128.28 
148.07 
129.11 
416.34 

407.80 
112.65 
160.22 
119.82 
412.34 


lolotion 
ased. 


7.02 

8.84 

7.65 

29.12 

14.24 
7.57 
9.14 
7.20 

28.75 

17.51 
7.00 
8.09 
6.54 

27.60 

15.20 
7.02 
9.26 
6.38 

25.71 

16.62 
7.60 
8.00 
7.33 

24.03 

14.68 
7.73 
7.67 
6.43 

26.49 

35.02 
14.90 
18.77 
14.99 
56.11 

31.75 
15.19 
16.68 
13.27 
54.39 

36.61 
14.34 
16.62 
14.64 
56.22 

39.75 
12.64 
18.07 
13.49 
52.52 


Initiil 
content. 


6 


881 
1,087 

899 
2,537 

2,522 
924 

1,106 
847 

2,584 

2,609 
840 
972 
771 

2,770 

2,311 
842 

1,105 
757 

2,564 

2,401 
911 
958 
870 

2,447 

2,303 
924 
922 
762 

2,596 

2,589 
881 

1,106 
877 

2,771 

2,444 
900 
983 
770 

2,605 

2,688 
847 
978 
853 

2,750 

2,693 
744 

1,058 
791 

2,724 


Finil 
content. 


836 
1,052 

911 
3,467 

1,696 
901 

1,088 
857 

3,422 

2,085 
833 
963 
778 

3,285 

1,810 
836 

1,102 
759 

3,061 

1,978 
905 
952 
873 

2,860 

1,747 
921 
913 
766 

3,153 

2,051 
873 

1,100 
878 

3,288 

1,861 
890 
978 
777 

3,187 

2,145 
840 
974 
858 

3,294 

2,329 
740 

1,059 
791 

3.078 


Cbinge 

in 
content. 


8 


—  45 

—  35 

-f  12 
+930 

—827 

—  23 

—  18 
4-  10 
+838 

—524 

—  7 

—  9 

+  7 
+515 

—501 

—  6 

—  3 

+  2 
+497 

—423 

—  6 

—  6 
+  3 
+413 

—556 

—  3 

—  9 
+  4 
+557 

—538 

—  8 

—  6 

+  1 
+517 

—583 

—  10 

—  5 

+  7 
+582 

—543 

—  7 

—  4 

+  5 
+544 

—364 

—  4 

+  1 
+  0 
+354 


Totil 
cbinge 

in 
content. 


9 


+942 
—850 


+848 
—531 


+522 
—507 


+499 
—429 


+416 
—559 


+561 
—546 


+518 
—593 


+589 
—5.50 


+549 
—368 


Agin 

coulo- 

meters. 


10 


636.4 


636.5 
578.4 


578.5 
352.9 


352.7 
337.3 


337.4 
281.7 


+354 


282.0 
377.5 


Trtnt- 

ference 

nnmber 

X10». 

11 


378.0 
353.7 


353.5 
397.3 


397.5 
371.2 


371.2 
236.2 


159.8 
158.6 


158.2 
160.3 


159.5 
162.2 


159.6 
164.3 


159.3 
159.7 


160.3 
166.7 


158.1 
161.1 


160.0 
159.9 


159.6 
168.2 


236.21  161.8 


*In  this  Exneriment  (No.  30)  the  period 
than  the  usual  time  (8^  hours),  namely. 


during  which  the  solution  was  clectrolyxed  was  greater 
6  hours. 
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Table  134. — Transference  data  for  0.0067  or  ji^  normcd  nitric  acid  at  20* — Continued 


Exper- 
iment 
No. 

^J""      Por-       Weight  of 
^^^       tion.       lolotion. 

BiO,H, 

lolntion 
nied. 

Initlil      :      FInil 
content.    |    content. 

1 

««««"»•  '  content. 

Af  fa 

CCMllO* 

meters. 

Traa»- 
fercoce 
aaaber 
X10». 

1 

2 

3 

4 

6 

6 

7 

8 

9 

10 

11 

♦31 
•32 

5 

5 

1 

K 

Mk 

M 

Ma 

A 

K 

Mk 
M 

Ma 
A 

286.25 
143.83 
148.08 
107.04 
382.47 

409.57 
119.64 
164.62 
131.90 
410.17 

36.52 
16.11 
16.59 
12.07 
49.94 

34.24 
13.41 
18.49 
14.96 
58.11 

2,551 
950 
978 
707 

2,526 

2,705 
790 

1,087 
871 

2,140 
944 
972 
707 

2,926 

2,006 
786 

1,083 
877 

—411 

—  6 

—  6 
0 

+400 

—699 

—  4 

—  4 
+    6 
+695 

—417 

275.6 

103.3 

+400 
—703 

275.8 
472.0 

156.6 
160.7 

2,709 

3.404 

+701 

'472.1 

160.3 

*In  these  experiments  (Nos.  81  snd  82) 
respecthrdy. 


the  solution  was  electrolyxed  4^  hours  ssid  6  honrs. 


Table  135. — Transference  data  for  0.0022  normal  nitric  acid  at  20*. 


Bxper-    Sola- 

iment      tion 

No.        No. 

Portion. 

Weight 
of  portion. 

Actail 

condact- 

inceXlO*. 

1 

Cliance  in 

conduct- 

inceXlO*. 

1 

1   Chinge 
in 
content. 

Total 

change  in 

content. 

in  coa- 
UMBeten. 

Trtas- 
fereace 
namber 
X10». 

1         2 

3 

4 

6 

6 

7 

8 

9 

10 

•33 
34 

35 
36 
37 

6 

7 
7 

7 
7 

K 

Mk 

M 

Ma 

A 

K 

Mk 
M 

Ma 
A 

K 

Mk 
M 

Ma 
A 

K 

Mk 

M 

Ma 
A 

K 

Mk 
M 

Ma 

A         1 

349.79 
97.13 
151.75 
118.86 
389.53 

349.70 
119.33 

123! 57 
359.49 

359.94 
106.04 
134.48 
113.76 
393.43 

350.67 
104.87 
132.59 
115.59 
386.20 

i25!23 
134.42 
139.43 
376.86 

1,498 
2,133 
2,139 
2,156 
2,707 

1,813 
2,092 
2,086 
2,095 
2,358 

1,562 
2,092 
2,089 
2,104 
2,571 

1,528 
2,080 
2,090 
2,106 
2,603 

2,086 
2,096 
2,104 
2,606 

—644 

—  9 

—  3 
+  14 
+565 

—281 

—  2 

—  8 

+     1 
+264 

—532 

—  2 

—  5 
+  10 

+477 

—566 

—  14 

—  4 

+  11 
+509 

+     1 
+  10 
+512 

—2,336 

—  9 

—  5 
+     17 
+2,282 

—1,019 

—  2 

+  "*i 

+    984 

—1,986 

—  2 

—  7 

+      12 
+1,946 

—2,058 

—  15 

—  5 
+      13 
+2,039 

—  "io 

+        1 
+      14 
+2,001 

—2,345 

4-2,299 
—1,021 

+    985 
—1,988 

+1,958 
—2,073 

+K052 
4-2,015 

154.5 

...... 

66.8 

"66!7 
131.3 

131.2 
135.5 

13515 
134.6 

163.8 

iioii 

165.1 

161.0 
165.1 

iiiii 

*In  this  experiment 
hours  as  usual. 


(No.  33)  the  electrolysis  was  continued  for  4V«  hours  instead  of  for  SJi 


Tables  135  and  136  present  the  results  obtained  with  the  more  dilute 
solutions  where  the  concentration  was  determined  by  conductance  meas- 
;Tements.    The  first  four  columns  are  the  same  as  in  the  preceding  tables. 
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Table  136. — Transference  data  for  0.0021  normal  hydrochloric  acid  at  20*. 


iment 
No. 

0UIU- 

tion 
No. 

Portion. 

!  Weight  of 
,    portion. 

1 

1 

2 

3 

4 

1 

1 

K 

384.26 

Mk 

125.64 

M 

135.42 

Ma 

126.10 

A 

389.93 

2 

1 

K 

313.49 

Mk 

132.60 

M 

131.29 

Ma 

112.29 

A 

385.67 

3 

1 

K 

372.66 

M. 

121.26 

M 

135.37 

Ma 

130.33 

4 

1 

K 

385.12 

M. 

115.65 

M 

143.10 

Ma 

126.67 

A 

430.37 

•5 

1 

K 

388.28 

Mk 

122.78 

M 

138.55 

Ma 

122.73 

A 

424.00 

6 

2 

K 

420.70 

Mk 

121.58 

M 

148.97 

Ma 

102.76 

A 

458.17 

♦7 

2 

K 

443.00 

Mk 

122.55 

M 

143.52 

Ma 

127.24 

A 

476.09 

♦8 

2 

K 

436.04 

Mk 

107.32 

M 

142.92 

Ma 

118.21 

0 

2 

K 

458.82 

i  M. 

107.75 

M 

160.12 

,     Ma 

104.29 

'     A 

478.33 

10 

2         K 

438.20 

Mk 

114.76 

M 

143.57 

Ma 

104.46 

A 

471.81 

Actual 
conduct- 
ance X10«. 


1,250 
1,959 
1,971 
2,000 
2,658 

1,360 
1,969 
1,973 
1,989 
2,455 

1,466 
1,970 
1,970 
1,985 

1,295 
1,935 
1,959 
1,995 
2,577 

1,497 
1,966 
1,970 
1,975 
2,383 

1,546 
2,116 
2,127 
2,163 
2,664 

1,761 
2,133 
2,136 
2,141 
2,473 

1,862 
2,126 
2,129 
2,078 

1,819 
2,135 
2,133 
2,142 
2,430 

1,835 
2,131 
2,132 
2,136 
2,411 


Change  In 
conduct- 
ance X10«. 


6 


—725 

—  16 

—  4 
-f  25 
4-683 

—615 

—  6 

—  2 

+  14 
-f480 

—509 

—  5 

—  5 
-f  10 
—680 

—  40 

—  16 
+  20 
+602 

—478 

—  9 

—  5 
+  0 
+408 

—590 

—  20 

—  9 
+  27 
+528 

—375 

—  3 
+  0 
+  5 
+337 

—274 

—  10 

—  7 

—  58 

—317 

—  1 

—  3 
+  6 
+294 

—301 

—  5 

—  4 
+  0 
+275 


Change 

in 
content. 


—2,862 

—  21 

—  5 

+  32 
+2,736 

—1,980 

—  8 

—  3 

+  16 
+1,902 

—1.949 

—  6 

—  7 
+  13 
—2,690 

—  48 

—  23 
+  26 
+2,661 

—1,906 

—  11 

—  7 
+       0 

+1,777 

—2,549 

—  25 

—  14 
+  28 
+2,485 

—1,706 

—  4 
+  0 
+  7 
+1,648 

—1,227 

—  11 

—  10 

—  70 

—1,494 

—  1 

—  5 
+  6 
+1*444 

—1,355 

—  6 

—  6 
+  0 
+1,333 


Total 
change 

in 
content. 


8 


—2,883 


+2,768 
—1,988 


+1,918 
—1,955 


—2,738 


•••••• 

+2,687 

—1,917 


+1,777 
—2,574 


+2,513 
—1,710 


+1,655 
—1,238 


—1,495 


+1,450 
—1,361 


+1,333 


Ag 

in  cott- 

lometers. 


9 


178.6 


178.9 
123.9 


123.9 
120.2 

119.8 
171.0 


170.9 
115.0 


114.8 
161.0 


161.1 
105.8 


105.8 
78.0 

'77!7 
92.7 


85.0 


84.9 


Trans- 
ference 
number 
X  10«. 


10 


174.2 


167.1 
173.3 


167.2 
175.8 


173.0 


169.7 
180.1 


167.0 
172.5 


168.5 
174.4 


168.8 
171.6 


174.1 


168.8 
173.0 


169.3 


*In  experiments  6»  7»  and  8  the  electrolysis  was  continued  for  only  29i  hours. 
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The  afth  contains  the  actual  conductance  X  10* ;  the  sLxtK  the  diflference 
between  this  value  and  the  initial  conductance  X  10*  as  given  at  the  end 
of  section  112  ;*  the  seventh,  the  corresponding  change  in  content  of  the 
whole  portion,  expressed  in  10"^  equivalents,  obtained  by  multiplying  this 
diflference  by  the  conductance-capacity  of  the  vessel  (0.3966),  dividing 
by  the  equivalent  conductance  values  382.1  for  HNOj  and  385.8  for 
HCl,t  and  multiplying  by  the  volume  of  the  portion  (obtained  from  its 
weight  by  multiplying  it  by  1.0018)  ;  and  the  eighth,  the  total  change  of 
content  or  the  sum  of  the  changes  in  the  electrode  portion  and  the  adjoin- 
ing portion.  The  ninth  column  contains  the  milligrams  of  silver  deposited 
in  the  coulometers;  and  the  tenth,  the  transference  number  for  the 
anion  X  10*. 

115.    SUMMARY  OF  THE  TRANSFERENCE  NUMBERS. 

The  following  table  contains  a  summary  of  the  transference  numbers 
derived  from  the  preceding  experiments  together  with  the  means  derived 
therefrom.  In  finding  the  separate  means  of  the  cathode  and  anode 
values  a  few  abnormally  high  or  low  values  (designated  by  an  asterisk) 
have  been  omitted.}:  To  these  means  in  the  case  of  the  two  most  concen- 
trated solutions  a  correction  has  been  applied  to  remove  a  small  error 
introduced  by  the  method  used  for  the  calculation  of  the  separate  values,§ 
and  the  results  are  designated  "corrected  means."  These  cathode  and 
anode  means  have  then  been  combined  in  the  case  of  the  three  stronger 
nitric  acid  solutions  under  the  assumption  that  each  has  a  weight  inversely 
proportional  to  the  square  of  its  average  deviation  (A.  D.).  Since 
the  cathode  values  show  in  all  three  cases  much  greater  variations,  this 
procedure  gives  to  the  anode  values  a  much  greater  weight,  which  would 
be  a  priori  desirable  since  they  are  not  subject  to  the  possible  error  arising 

♦These  initial  values  are:  2142  for  HNO.  Solution  No.  6;  2094  for  HNO.  Solu- 
tion No.  7 ;  1975  for  HCl  Solution  No.  1,  and  2136  for  HCl  Solution  No.  2. 

tThese  values  are  those  of  dh/dC  at  0.002  normal,  where  L  represents  the  speci- 
fic conductance  and  C  the  equivalent  concentration.  We  derived  them  through  a 
careful  consideration  of  all  the  results  obtained  by  Goodwin  and  Haskell  with  both 
acids  at  18®  between  the  concentrations  of  0.001  and  0.005  normal.  The  values  were 
first  derived  at  18°  and  were  found  to  be  370.0  for  HNO«  and  373.5  for  HCl,  and 
these  were  then  increased  with  the  help  of  Deguisne's  coefficients  so  as  to  make 
them  correspond  to  20°.  It  is  scarcely  possible  that  the  errors  in  these  values  exceed 
0.3  per  cent. 

JThe  high  cathode  values  in  experiments  2,  3,  and  4  were  probably  due  to  reduc- 
tion by  the  electrolytic  hvdrogen,  which  was  proved  to  have  taken  place  in  experi- 
ment 2.  The  cathode  value  in  experiment  22  was  omitted  since  the  middle  portion 
showed  a  large  change  in  content. 

§Namely,  in  calculating  the  original  content  the  total  weight  of  the  electrode  por- 
tion was  simply  multiplied  by  the  initial  content  per  gram.  That  weight  had,  how- 
ever, been  increased,  over  what  it  would  have  been  originally,  at  the  anode  by  the 
weight  of  the  transferred  nitrjc  acid  and  had  been  decreased  by  the  electrolysis  out 
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from  the  reduction  of  the  nitric  acid  around  the  cathode.  It  is  in  fact 
very  probable  that  both  the  larger  variations  and  the  greater  magnitude 
of  the  cathode  values  are  due  to  this  cause.  In  spite  of  this  source  of 
error  it  is  to  be  noted  that  the  mean  cathode  value  exceeds  the  mean  anode 
value  by  only  0.9,  0.6,  and  1.1  per  cent,  respectively,  in  the  case  of  the  three 
more  concentrated  solutions.  Taking  into  account  the  fact  that  almost 
all  other  errors  aflfect  the  two  results  in  opposite  directions  we  believe  the 
final  A.  D.  values  give  a  fair  measure  of  the  probable  precision  of  the 
final  results,  which  is  from  0.2  to  0.3  per  cent  for  the  0.06  to  0.007 
normal  nitric  acid  solutions. 

In  the  case  of  the  0.002  normal  solutions  of  both  acids  the  divergence 
of  the  cathode  and  anode  mean  values  is  much  greater,  and  it  seemed 
best  to  assign  an  equal  weight  to  each  without  reference  to  the  value  of 
its  average  deviation ;  for  the  divergence  probably  arises  in  the  main  from 
a  slight  contamination  of  these  very  dilute  solutions  during  the  experi- 
ment, which  would  affect  the  cathode  and  anode  values  oppositely  and 
about  equally.  The  final  A.  D.  values,  which  expressed  as  percentages 
are  0.7  per  cent  for  the  nitric  acid  and  1.0  per  cent  for  the  hydrochloric 
acid,  are  again  a  fair  measure  of  the  maximum  error  of  which  there 
is  any  reasonable  probability. 

of  it  of  the  water  corresponding  to  the  hydrogen  and  oxygen  evolved;  and  at  the 
cathode  it  had  been  decreased  by  the  weight  of  the  transferred  nitric  acid. 

By  considering  the  effect  of  this  on  the  result,  it  will  readily  be  seen  that  when 
any  acid  of  equivalent  weight  a,  transference  number  n^  and  original  content  c  in 
equivalents  per  gram  of  solution  is  electrolyzed  as  in  this  case  with  the  production 
of  hydrogen  and  oxygen,  and  the  calculation  is  made  as  above  (multiplying  the 
total  weight  of  the  portion  by  c)  then  the  anode  transference-number  should  be 
increased  by  the  fractional  amount  (An  —  9)c/n  and  the  cathode  transference  num- 
ber should  be  increased  by  the  fractional  amount  ac.  In  this  case,  with  the  strong- 
est (0.058)  normal  solution,  the  corrections,  applied  (since  a  =  63,  n  =  0.156,  and 
c  =  0.000058)  are  +0.03  per  cent  on  the  anode  value  and  +0.36  per  cent  on  the 
cathode  value.  With  the  0.0184  normal  solutions  the  corrections  are  one-third  of 
these  percentages. 

The  corresponding  correction  was  not  applied  by  Noyes  and  Sammet  to  their 
results  with  hydrochloric  acid.  It  would  have  the  effect  of  increasing  their  final  value 
at  0.05  normal  (165.69^  by  just  0.17  per  cent  (to  165.96),  while  at  the  lower  con- 
centrations the  correction  would  be  scarcely  appreciable. 

A  more  simple  way  of  calculating  transference  numbers  from  the  experimen- 
tal data  is  to  refer  the  initial  content  to  the  weight  of  water  present  instead  of  to  that 
of  the  whole  solution,  and  to  calculate  correspondingly  the  weight  of  water  in  the 
portion  after  the  electrolysis  by  subtracting  from  its  total  weight  the  weight  of  solute 
found  in  it;  but  even  then  a  correction  must  be  applied  to  the  anode  portion  for  the 
water  electrolyzed  out  of  it.  The  present  basis  of  all  such  transference  determinations 
is  of  course  the  assumption  that  the  water  itself  does  not  migrate. 
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Table  137. — Summary  of  the  transference  values. 


0.0S8  Nonul  HNOt  at  l20°. 


Bzperiment  No. 


1. 
2. 

3. 

4. 

5. 

6. 

7, 

8. 

9. 
10. 
11. 
12. 


Mean ..... 

Ck>nected 

mean 

a.id. 

A.  D..... 


Final  mean 
Final  A.  D. 


Cathode.     Anode 


157.9 

•161.4 

•161.1 

•160.6 

154.5 

156.0 

157.7 

150.0 

157.2 

154.5 

158.1 

156.5 


156.49 

157.05 
1.10 
0.36 


•157.4 
156.3 
155.6 
156.3 
155.4 
156.0 
155.2 
155.0 
155.2 
155.7 
155.0 
155.1 


155.53 

155.58 
0.41 
0.12 


155.73 
0.27 


0.0184  Normal  HNOt  at  20°. 


Ezperlfflcnt  No. 


13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 


Cathode. 


Mean!.... 

CJorrected 
mean 

a.d 

A.  D...... 


Final  mean 
Final  A.  D. 


159.0 
158.7 
161.6 
162.0 
159.2 
160.5 
159.5 
160.3 


160.10 

160.29 
1.00 
0.35 


Anode. 


0.0067  Nonnal  HNOt  at  2SP, 


Experiment  No. 


159.0 
160.6 
161.0 
159.2 
158.3 
159.1 
159.1 
158.1 


159.30 

159.32 
0.71 
0.25 


159.64 
0.34 


21. 
22. 
23. 
24. 
25. 
26. 
27, 
28. 
29. 
30. 
31. 
32. 


Meanf. 
a.d... 
A.  D. . 


Cathode. 


•158.6 
160.3 
162.2 
164.3 
159.7 

•166.7 
161.1 
159.9 

•168.2 
163.3 
160.7 


[Final  mean 
Final  A.  D. 


161.44 
1.36 
0.48 


Adode. 


150.8 
158.2 
159.5 
159.0 
159.3 
160.3 
158.1 
160.0 
159.0 
101.8 
•156.6 
160.3 


159.68 
0.69 
0.21 


149.96 
0.44 


0.0022  Normal  HNOt  at  20°. 


Bzperiment  No. 


33. 
34. 
35. 
36. 
37. 


Mean 
a<d... 
A.  D. 


Cathode. 


163.8 
165.1 
163.5 
165.1 


164.4 
0.7 
0.4 


Anode. 


160.6 
159.3 
161.0 
163.3 
161.6 


161.2 
1.0 
0.5 


Final  mean, 
Final  A.  D., 


162.8 
1.2 


0.0021  Normal  HCl  at  20°. 


Experiment  No. 


1. 
2. 

3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 


Mean 
A.  D. 


Final  mean 
Final  A.  D. 


Cathode. 


174.2 
173.3 
175.8 
173.0 
♦180.1 
172.5 
174.4 
171.6 
174.1 
173.0 


173.5 
0.3 


Anode. 


•167.1 
♦167.2 

•169  .'7 

♦167.0 

168.5 

168.8 

168.8 
169.3 


tl68.8 
0.1 


171.1 
1.7 


fThe  mean  of  all  the  anode  values  is  168.3  but  it  seems  best  to  omit  the  first  four,  in  which 
experiments  an  anode  of  small  surface  was  used,  and  which  are  somewhat  lower  perhaps  Ofring 
to  the  evolution  of  a  small  quantity  of  chlorine. 


!!6.    SUMMARY  AND  DISCUSSION. 

The  final  results  of  the  transference  experiments  described  in  this  article, 
as  well  as  of  those  carried  out  by  Noyes  and  Sammet*  with  0.05  —  0.006 
normal  hydrochloric  acid  at  20°, f  are  brought  together  in  table  138. 
In  this  table  are  also  given  the  values  of  the  equivalent  conductance  of 


♦Ztschr.  phys.  Chem.,  43,  63  (1903)  ;  J.  Am.  Chem.  Soc,  24,  958;  25,  167  (1902-3). 

tCorrected  for  the  inaccuracy  in  their  calculation  as  described  in  a  preceding  foot- 
note. 
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hydrogen-ion  calculated  from  each  transference  number  and  from  the  most 
probable  values  for  nitrate-ion  and  chloride-ion  (64.6  and  68.5,  respect- 
ively) at  20*  and  extreme  dilution.*  In  the  last  row  of  the  table  are  g^ven 
the  corresponding  values  for  zero  concentration  as  derived  from  Goodwin 
and  Haskell's  conductivity  experiments.! 

Table  138. — Final  values  of  the  transference-numbers  and  the  equivalent  conductance 

of  hydrogen-ion. 


Bqvivitleiits  per  liter. 

Traasference-nttniber 
X10«. 

Eqalrtient  coodnctance 

of  hydrogen-ion  from 

ezperimentt  with 

HNOt. 

HCI. 

HNOt. 

HCl. 

HNOt. 

HCI. 

0.058 
0.0184 
0.0067 
0.0022 
0 

0.051 
0.017 
0.0056 
0.0021 
0 

155.7 
159.6 
160.0 
162.8 
166.0 

166.0 
167.5 
167.1 
171.1 
174.5 

350.3 
340.2 
339.1 
332.2 
324.6 

344.2 
340.5 
341.4 
331.8 
324.0 

It  will  be  seen  from  table  138  that,  except  at  the  highest  concentration 
(0.055  normal),  there  is  substantial  agreement  between  the  values  of  the 
equivalent  conductance  of  the  hydrogen-ion  derived  from  the  independent 
transference  experiments  with  the  two  different  acids,  and  that  the  (nearly 
constant)  value  for  the  concentration-interval  between  0.018  and  0.006 
normal  is  nearly  5  per  cent  larger  than  that  derived  from  conductivity 
measurements  at  extreme  dilution.  The  reality  of  this  divergence,  first 
discovered  by  Noyes  and  Sammet,  confirmed  as  it  is  on  the  conductivity 
side  by  the  investigation  of  Goodwin  and  Haskell  and  on  the  transference 
side  by  the  recent  determinations  of  Jahn,  Joachim,  and  Wolff,  and  by 
these  new  experiments  with  nitric  acid,  can,  we  believe,  no  longer  rea- 
sonably be  doubted.  It  must  therefore  be  concluded  that  the  transference 
number  of  the  anion  of  acids,  and  therefore  the  ratio  of  the  velocity  of  the 
anions  to  that  of  the  hydrogen-ion,  is  several  per  cent  larger  at  very  small 
concentration  (0.001  normal  and  less)  than  at  moderate  concentrations 
(0.05  to  0.005  normal).  Thus  a  change  in  the  relative  velocities  takes 
place  even  after  the  concentration  of  the  solute  has  become  so  small  that 
as  a  medium  the  solution  scarcely  differs  from  the  pure  solvent.    The  fact 

♦The  value  here  given  for  the  CI  is  that  derived  by  Noyes  and  Sammet  from 
Kohlrausch's  conductivity  data  and  the  existing  transference  data  for  potassium 
chloride.  That  for  the  NOt  ion  we  have  obtained  by  subtracting  from  that  for  the 
CI  the  diflFerence  for  these  two  ions  at  20°  given  by  Kohlrausch  (Sitzun^sber. 
konigl.  preuss.  Akad.  der  Wissensch.,  1901,  1031).  These  values  have  then  simply 
been  multiplied  by  (1  — n)/«. 

tThese  investigators  found  for  Ao  at  18**  377.0  for  HNO.  and  380.1  for  HCI. 
The  corresponding  values  at  20**  calculated  with  Deguisne's  coefficients  are  389.2 
and  392.5  respectively.  Subtracting  from  these  the  values  for  the  N0»  and  CI  ions 
(64.6  and  68.5)  one  obtains  the  values  for  the  hydrogen  ion  given  in  the  table. 
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that  higher  transference  numbers  were  obtained  with  the  0.002  normal 
solutions  than  with  the  more  concentrated  solutions  of  both  acids  confirms 
the  conclusion  drawn  from  the  comparison  with  the  conductivity  data. 
The  values  obtained  at  0.002  normal  show,  moreover,  that  even  at  this 
very  low  concentration  the  velocities  have  not  yet  become  identical  with 
those  at  zero  concentration. 

This  change  of  the  transference  number  may,  of  course,  arise  either 
from  an  acceleration  of  the  anion  or  from  a  retardation  of  the  hydrogen- 
ion  at  very  high  dilution,  or  from  both  causes  combined.  The  facts  that 
salts  do  not  as  a  rule  show  any  change  in  their  transference  numbers 
after  a  moderate  dilution  is  reached  and  that  their  ionization-values  cal- 
culated from  freezing-point  lowering  and  other  molecular  properties  agree 
with  those  corresponding  to  the  conductance  ratio  (A/A^)*  make  it  proba- 
ble, however,  that  it  is  the  fast-moving  hydrogen-ion  that  is  mainly,  if 
not  wholly,  affected.f  It  is  under  this  (possibly  incorrect)  assumption, 
namely,  that  neutral  ions  have  the  same  velocity  at  moderate  and  at  ver>' 
low  concentrations,  that  the  values,  given  in  table  138,  of  the  equivalent 
conductance  of  hydrogen-ion  at  various  concentrations  were  derived. 

The  fact  that  the  values  of  the  equivalent  conductance  of  hydrogen-ion 
are  nearly  constant  for  the  interval  of  concentration  0.006  -  0.018  seems 
to  indicate  that  these  are  the  normal  ones,  and  that  the  variations  at  lower 
concentrations  arise  from  some  secondary  effect  of  a  general  character, 
determined  perhaps  by  the  smallness  of  the  ion-concentration  itself. 

The  results  obtained  at  the  highest  concentration  (0.05  to  0.06  normal) 
differ  in  the  case  of  the  two  acids,  which  makes  it  seem  probable  that  the 
variation  in  the  stronger  solution  is  due  to  some  different  cause,  probably 
one  of  a  specific  chemical  nature,  from  that  which  gives  rise  to  the  change 
at  high  dilutions. 

As  to  the  bearing  of  these  results  on  the  calculation  of  ionization- 
values,  it  may  be  said  that  in  the  case  of  largely  ionized  acids  at  moderate 
concentrations  it  seems  in  the  light  of  now  existing  knowledge  most  appro- 
priate to  divide  the  observed  equivalent  conductance  of  the  acid  by  a  A^ 
value  obtained  by  adding  to  the  equivalent  conductance  of  the  anion  that 
for  the  hydrogen-ion  obtained  by  the  transference  experiments  above 
described  at  the  concentration  in  question.  On  the  other  hand  in  the  case 
of  any  acid  solution  in  which  the  ton-concentration  is  less  than  0.001  nor- 
mal the  older  value  (324  at  20°  or  315  at  IS"*)  for  hydrogen-ion  is  to  be 
preferred. 

*See  A.  A.  Noycs,  Z.  phys.  Chem.,  52,  634. 

tit  is  therefore  probable  that  the  decrease  in  the  conductance  of  strong  acids 
always  observed  at  very  high  dilutions  is  not  wholly  due  to  impurities  in  the  water. 
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It  is  of  interest  to  compare  the  ionization  of  hydrochloric  acid  com- 
puted in  the  manner  just  stated  with  that  of  neutral  salts  of  the  same  ionic 
type,  like  potassium  and  sodium  chlorides.  At  the  concentration  0.06 
normal  the  ionization- value  derived  from  Kohlrausch's  value  (360)  of  the 
equivalent  conductance  of  the  acid  at  18**  is  found  to  be  0.948,  provided  the 
equivalent  conductance  of  hydrogen-ion  is  taken  at  315  as  derived  from  the 
conductivity  of  the  acid  at  small  concentrations;  but  it  becomes  0.900 
when  the  equivalent  conductance  of  hydrogen-ion  is  taken  6.2  per  cent 
larger  than  this,  in  accordance  with  the  transference  results.  At  this 
same  concentration  the  ionization-values  for  potassium  chloride  and 
sodium  chloride,  as  derived  from  their  equivalent  conductances,  are  0.891 
and  0.878.  The  approximate  agreement  of  these  values  with  the  new  one 
for  hydrochloric  acid  seems  to  justify  the  extension  to  largely  ionized 
acids  of  the  principle  that  salts  of  the  same  ionic  type  have  at  the  same 
concentration  roughly  the  same  degree  of  ionization. 
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Part  XII. 

GENERAL  SUMMARY  OF  THE  RESULTS. 


It  seems  desirable  at  the  close  of  this  extended  series  of  papers  to  sum- 
marize the  more  important  results  which  have  been  attained,  both  in 
order  to  make  them  more  readily  available  to  readers  who  may  not  be 
interested  in  the  details  of  the  experiments,  and  in  order  to  show  more 
clearly,  by  bringing  together  all  the  more  significant  results,  the  general 
conclusions  which  can  be  drawn  from  them. 

In  order  to  carr>'  out  these  investigations  a  new  form  of  conductance 
vessel  capable  of  withstanding  high  pressures  and  not  liable  to  con- 
taminate dilute  aqueous  solutions  even  at  high  temperatures  had  to  be 
constructed  at  the  start.  The  vessel  or  "bomb*'  which  was  developed 
as  a  result  of  several  years'  experimenting  and  which  has  been  used 
successfully  with  only  minor  mcxlifications  for  all  the  measurements  alx)ve 
presented  will  be  readily  understood  in  its  essential  features  by  reference 
to  figure  1  on  page  10,  and  from  the  following  brief  description : 

It  consists  of  a  cylindrical  vessel  A  of  about  125  c.cm.  capacity 
provided  with  a  cover  B  which  is  held  in  place  by  means  of  a  large 
nut  C,  all  these  parts  being  made  of  steel.  The  bomb  is  lined  through- 
out with  sheet  platinum.  The  cover  is  made  tight  by  a  small  packing- 
ring  of  pure  gold  wire  which  fits  into  a  small  V-shaped  groove.  The 
body  of  the  bomb  serves  as  one  electrode.  The  other  electrode  is  brought 
in  through  the  bottom  of  the  bomb,  being  insulated  inside  by  a  piece  of 
quartz  and  outside  by  mica  layers  M.  The  quartz-piece  Q  is  in  the 
form  of  a  cylindrical  cup  about  2  cm.  in  external  diameter  and  2.7  cm. 
in  height,  the  bottom  of  it  being  covered  on  the  inside  by  the  circular 
platinum-covered  top  of  the  electrode,  which  was  usually  well  coated  with 
platinum  black.  In  the  cover  is  a  narrow  cylindrical  chamber  provided 
with  an  auxiliary  insulated  electrode  T^,  which  serves  to  show  the 
height  of  the  liquid  in  the  chamber  and  indirectly  the  volume  of  the  liquid 
in  the  bomb.  The  cover  also  contains  a  small  platinum  tube  T^  through 
which  the  air  may  be  exhausted  from  the  bomb. 

In  most  of  the  experiments  made  with  the  more  dilute  solutions,  the 
bomb  was  modified,  so  as  to  reduce  contamination,  by  removing  the  cup 
and  flat  electrode  within  it,  and  replacing  these  by  a  cylindrical  platinum- 
iriditmi  electrode  usually  about  10  mm.  high  and  7.2  mm.  in  diameter, 
which  was  supported  on  a  vertical  quartz  cylinder,  through  the  center  of 
which  the  electrode  rod  passed  downwards  (see  fig.  13,  page  63). 
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For  the  measurements  at  18**  and  100**  and  in  some  of  those  at  128* 
and  166**  the  bomb  was  immersed  in  a  liquid  xylene  or  pseudocumene 
bath,  but  at  the  higher  temperatures  it  was  heated  in  the  apparatus  shown 
in  fig.  2,  page  12,  in  the  vapors  of  boiling  liquids  (brombenzene  at  156**, 
naphthalene  at  218**,  isoamylbenzoate  at  260**,-  bromnaphthalene  at  281*, 
and  benzophenone  at  306**).  In  the  later  experiments  the  heater  and 
the  electrical  connections  were  so  arranged  that  the  bomb  could  be 
rotated  (see  fig.  14,  page  64),  thus  causing  thorough  stirring  of  the 
contents. 

By  means  of  this  apparatus  conductance  measurements  have  been  made 
up  to  306*  at  all  or  nearly  all  the  temperatures  just  mentioned  with  sodium 
chloride,  potassium  chloride,  silver  nitrate,  potassium  sulphate,  barium 
nitrate,  hydrochloric  acid,  nitric  acid,  sulphuric  acid,  acetic  acid,  ammo- 
nium hydroxide,  ammonium  chloride,  sodium  acetate,  and  ammonium 
acetate;  at  the  temperatures  up  to  218*  with  magnesium  sulphate,  and 
sodium  hydroxide;  and  from  18*  to  156*  at  intervals  of  25*  or  28*  with 
nitric  acid,  phosphoric  acid,  sulphuric  acid,  potassium  hydrogen  sulphate, 
and  barium  hydroxide.  With  most  of  these  substances  the  measurements 
have  been  made  at  four  or  more  different  concentrations  varying  between 
0.1  and  0.002  normal. 

The  final  values  of  the  equivalent  conductance  of  these  substances  will 
be  found  in  the  tables  of  the  preceding  parts  on  the  following  pages : 

Potassium  and  sodium  chlorides 47 

Silver  nitrate,   barium  nitrate,  potassium  sulphate, 

magnesium  sulphate   103 

Acetic  acid  and  sodium  acetate 137-8, 225 

Ammonium  hydroxide  and  ammonium  chloride..  174,225 

Hydrochloric  acid   137, 262 

Sodium  hydroxide  174 

Nitric  acid,  phosphoric  acid,  sulphuric  acid,  potas- 
sium hydrogen  sulphate,  and  barium  hydroxide  262 

These  conductivity  results  have  interest  from  a  theoretical  standpoint 
mainly  in  two  respects  —  first,  with  reference  to  the  equivalent  conduct- 
ance of  the  ions  or  their  specific  m igration- velocities ;  and  second,  with 
reference  to  the  degree  of  ionization  of  the  various  substances. 

The  values  at  the  different  temperatures  of  the  equivalent  conductance 
(Aq)    extrapolated  for  zero  concentration  or  complete  ionization  were 

obtained  with  the  help  of  a  function  of  the  form  -—  =  -  —  /^^(CA)*"^, 

Ao  A 
which  corresponds  to  the  equation  C(Ao  —  A)  = /l  (CA)**,  by  plotting 
1/A  against  (CA)"-^  varying  the  value  of  n  till  a  linear  plot  was 
obtained,  and  then  extrapolating  for  zero  concentrations.*  All  the 
so-derived  values  of  A©  for  the  largely  ionized  electrolytes  are  summarized 
in  the  following  table.    The  substances  are  arranged  primarily  according 

*A  discussion  of  this  method  of  deriving  the  Ao -value  will  be  found  in  section  17 
(Part  II,  page  50). 
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to  the  ionic  type  and  secondarily  in  the  order  in  which  the  A©  values  at 
18*  increase.  In  adjoining  columns  are  given  also  the  mean  temperature- 
coefficient  AAo/A/  for  the  successive  temperature-intervals  and  the  ratio 
Ao(S)/Ao(Koi)  of  the  equivalent  conductance  of  the  substance  in  question  to 
that  of  potassium  chloride  at  the  same  temperature. 

Tabue  139. — Equivalent  conductance  at  zero  concentration. 


1 

1 

8o4iaai  aceute.              , 

Boilwm  chloride. 

Silver  nitrate. 

Taoipcr- 
•t«rc. 

A„ 

^o 

^o(8) 

A« 

AA 

^0(8) 

A« 

A^o 

^0(8) 

o 

Ai 

^o(KCl) 

0 

A/ 

^o(KCl) 

0 

A/ 

^o(lCCl) 

18 

78.1 

2.53 

0.60 

109.0 

3.09 

0.84 

115.8 

3.06 

0.89 

100 

285 

2.95 

0.69 

362 

3.44 

0.87 

367 

3.62 

0.89 

156 

450 

3.40 

0.72 

555 

3.31 

0.89 

570 

3.39 

0.91 

218 

660 

0.80 

760 

3.33 

0.92 

780 

2.94 

0.95 

881 

•  •  •  ■ 

3.00 

•  • .  • 

970 

4.40 

0.96 

965 

4.00 

0.96 

300 

924 

0.82 

1080 

0.96 

1065 

0.95 

PocaMioa  chloride. 

Aouii 

toniam  chK 

»ride. 

Sodlam  hjrdrozlde. 

18 

1^.1 

3.46 

130.7 

3.47 

1.01 

216.5 

4.60 

1.67 

100 

414 

3.77 

415 

3.80 

1.00 

594 

4.30 

1.43 

150 

625 

3.23 

628 

3.43 

1.00 

835 

3.63 

1.33 

218 

825 

2.86 

841 

.  • .  • 

1.02 

1060 

.... 

1.29 

281 

1005 

4.60 

.  • . . 

3.81 

•  •  •  • 

a  a  .  • 

•  •  •  • 

306 

1120 

1176 

1.05 

.... 

.  • .  • 

Barlnm  nitrate. 

Poci 

mlnai  snip 

hate. 

Barlnm  hydroxide. 

18 

116.9 

3.27 

0.90 

132.8 

3.93 

1.02 

222 

5.16 

1.71 

100 

385 

3.84 

0.93 

455 

4.64 

1.10 

645 

3.58 

1.56 

156 

600 

3.87 

0.96 

715 

5.64 

1.14 

847 

.  •  a  • 

1.36 

218 

840 

4.44 

1.02 

1065 

6.27 

1.29 

.  • .  • 

.... 

•  • .  • 

281 

1120 

7.20 

1.11 

1460 

10.6 

1.45 

.... 

.... 

•  •  •  • 

306 

1300 

1.16 

1725 

1.54 

.... 

.... 

Photpborlc  aci4. 

Nitric  add 

1. 

Hydrochloric  add. 

18 

338 

4.78 

2.60 

377 

5.61 

2.90 

379 

5.76 

2.91 

100 

730 

3.57 

1.76 

826 

3.95 

1.99 

850 

4.20 

2.05 

156 

930 

. . .  • 

1.49 

1047 

2.95 

1.67 

1085 

2.90 

1.73 

218 

.... 

. . .  • 

.... 

1230 

•  •  •  • 

1.49 

1265 

1.81 

1.53 

306 

•  •  •  • 

•  •  • . 

•  •  a  • 

•  •  •  • 

1424 

1.27 
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The  results  given  under  Ao(8)/Ao(koi)  in  table  139  show  that  the 
values  of  the  equivalent  conductance  for  complete  ionization  in  the  case 
of  all  the  di-ionic  substances  investigated  become  more  nearly  equal  as 
the  temperature  rises,  the  approach  toward  equality  being  rapid  between 
18**  and  218**,  but  comparatively  slow  at  the  higher  temperatures.  This 
shows,  of  course,  that  the  specific  migration-velocities  of  the  ions  are 
themselves  more  nearly  equal,  the  higher  the  temperature.  Complete 
equality  has  not,  however,  been  reached  even  at  306**,  but  the  divergence 
exceeds  6  per  cent  only  in  the  cases  of  hydrochloric  acid,  soditmi  hydrox- 
ide, and  sodium  acetate,  which  have  ions  which  at  18**  move  with  excep- 
tionally large  or  small  velocities. 

The  behavior  of  the  tri-ionic  salts,  potassium  sulphate  and  barium 
nitrate,  is  especially  noteworthy.  Their  equivalent  conductance  increases 
steadily  with  rising  temperature  and  attains  values  which  are  much 
greater  than  those  for  any  di-ionic  uni-univalent  salt.  Thus  at  306**  the 
value  for  potassium  sulphate  is  about  1.5  times  as  great  as  that  for  potas- 
sium chloride.  This  behavior,  which  at  first  sight  appears  abnormal,  is  in 
reality  in  conformity  with  the  principle  that  the  velocities  of  ions  sub- 
jected to  the  same  electric  force  approach  equality  with  rising  tempera- 
ture; for,  assuming  that  the  resistance  of  the  medium  becomes  the  same 
for  all  ions,  the  velocity  of  a  bivalent  ion,  owing  to  its  double  electric 
charge,  should  become  twice  as  great  as  that  of  a  univalent  ion  under 
the  same  potential-gradient;  and  correspondingly,  the  equivalent  con- 
ductance of  a  completely  ionized  unibivalent  salt  should  become  1.5  times 
that  of  a  completely  ionized  uni-univalent  salt.  What  is  remarkable  is, 
therefore,  not  the  greater  values  at  high  temperatures,  but  the  approxi- 
mate equality  at  room  temperature  of  the  equivalent  conductances  of 
bivalent  and  univalent  ions,  especially  of  the  elementary  ones  which  might 
be  expected  to  have  not  far  from  the  same  size.  This  equality  may  be 
due,  as  has  been  suggested  by  Morgan  and  Kanolt,*  to  a  relatively  large 
hydration  of  the  bivalent  ions. 

With  respect  to  the  form  of  the  temperature-conductance  curve,  it 
will  be  seen  from  an  examination  of  the  values  of  AAo/A/  that  the  rate 
of  increase  of  conductance  is  in  case  of  all  the  neutral  di-ionic  salts  greater 
between  100**  and  156°  than  it  is  between  18°  and  100°  or  between  156° 
and  218°, t  and  therefore  that  the  curve  is  first  convex,  later  concave,  and 
then  again  convex  toward  the  temperature  axis,  with  two  intermediate 
points  of  inflexion. 

In  the  case  of  the  acids  and  bases,  however,  and  therefore  of  the  hydro- 
*  gen-ion  and  the  hydroxide-ion,  the  rate  of  increase  of  the  equivalent 

♦J.  Am.  Chem.  Soc,  28,  572  (1906). 

tWith  respect  to  this  last  temperature-interval  sodium  acetate  forms  an  exception. 
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conductance  steadily  decreases  with  rising  temperature,  so  that  the  curve 
is  al¥rays  concave  toward  the  temperature  axis.  With  the  tri-ionic  salts, 
on  the  other  hand,  the  rate  of  increase  steadily  increases,  owing  to  the 
great  increase  in  the  equivalent  conductance  of  the  bivalent  ion;  the 
curve  is  therefore  always  convex  toward  the  temperature  axis. 

It  is  of  interest  to  note  that  the  fluidity,  or  the  reciprocal  of  the 
viscosity,  of  water  shows  nearly  the  same  increase  as  the  conductance 
of  the  di-ionic  salts,  at  any  rate  up  to  ISC'",  which  is  about  the  limit  to 
which  previous  determinations  of  the  viscosity  have  extended.  Thus, 
using  for  the  viscosity  (17)  the  data  of  Thorpe  and  Rodger  and  of  de 
Haas"^  and  taking  the  mean  values  of  Ao  for  the  five  uni-univalent  salts 
included  in  this  research,  the  product  lyA^  has  the  values  1.19  at  18**,  1.04  at 
100*,  and  1.01  at  ISe"".  When  it  is  considered  that  the  conductance  values 
increase  five- fold,  this  variation  in  the  ratio  will  be  seen  to  be  of  secondary 
significance. 

With  respect  to  the  variation  of  the  equivalent  conductance  (A)  with 
the  concentration  (C),  it  has  been  found  that  between  the  concentrations 
0.1  and  0.002  or  0.0005  normal  the  results  at  all  temperatures  with  all  the 
salts,  both  di-ionic  and  tri-ionic,  and  also  with  hydrochloric  acid,  nitric 
acid,  and  sodium  hydroxide,  are  expressed  by  the  function  C(Ao  —  A)  = 
K{C\Y  provided  that  to  the  exponent  n  a  value  (varying  with  the  differ- 
ent substances)  between  1.40  and  1.55  is  assigned.  This  is  clearly  shown 
by  the  summary  of  the  n  values  given  in  table  140.    These  were  derived 


Table  140. — Values  of  exponent  n  in  the  function  C(Ao  —  A)=iC(CA)»». 


Sabtuace. 

18°. 

100°. 

156°. 

218°. 

281°. 

306°. 

KOI 

1.42 

1.40 

1.40 

1.48 

1.50 

1.48 

NaCl .... 

1.42 

1.48 

1.50 

1.50 

1.47 

1.46 

AgNO,  .  . 

1.53 

1.52 

1.50 

1.50 

1.52 

1.52 

NaO,H.O,. 

1.45 

1.45 

1.42 

1.36 

•  • .  ■ 

•  •  •  • 

Ha 

1.45 

1.38 

1.40 

1.47 

•  •  ■  • 

•  •  •  • 

HNO,  .  .  . 
NaOH .  .  . 

1.43 

1.45 

1.45 

.  • . . 

•  • .  • 

.... 

1.50 

1.50 

1.50 

.... 

■  •  •  • 

. .  ■  ■ 

Ba(OH),.. 

1.55 

1.45 

1.45 

•  •  •  • 

•  •  •  • 

• .  •  • 

K«S04  .  .  . 

1.42 

1.42 

1.42 

1.42 

1.42 

1.42 

Ba(NO,),. 

1.50 

1.50 

1.50 

1.50 

1.50 

1.50 

Mg804.  .  . 

1.43 

• . .  • 

.  •  •  ■ 

•  •  •  • 

•  a  ■  • 

•  •  •  • 

♦Sec  Landolt-Bomstein-Meyerhoffer.  Physikalisch-chemische  Tabcllen,  pp.  76-77. 
From  the  data  there  given  the  viscosity  in  dynes  per  sq.  cm.  is  found  by  interpola- 
tion to  be  0.01052  at  18**.  0.00283  at  100°,  and  0.001785  at  156**.  The  mean  values  of 
A«  for  the  salts  referred  to  are  113  at  18*",  369  at  100*",  and  566  at  156*" ;  the  salts 
investigated  were  potassium,  sodium,  and  ammonium  chlorides,  sodium  acetate,  and 
silver  nitrate.  Reference  may  also  be  made  to  the  table  given  in  Part  II,  page  53,  in 
which  a  comparison  is  made  between  the  change  in  fluidity  and  that  in  the  equivalent 
conductance  of  potassium  chloride  for  sij^  temperature-intervals  between  0**  and  156°. 


jj5  Conductivity  of  Aqueous  Solutions. — Part  XIL 

ff 

by  a  graphical  method  (see  section  17,  page  50)  which  involved  no 
assumption  in  regard  to  the  value  of  A©,  this  being  regarded  as  a  third 
constant  to  be  determined  from  the  data  themselves.  In  general,  the  value 
of  n  could  be  found  within  0.02  or  0.03  units. 

It  is  evident  that,  if  the  conductance-ratio  A/A©  can  be  taken  as  a  meas- 
ure of  the  ionization  (y),  the  latter  changes  with  the  concentration  in  the 
case  of  all  these  substances  in  accordance  with  an  entirely  similar  expo- 

(Cy)' 

nential  law,  namely,  in  accordance  with  the  function  y.-^^ r  =  const., 

0(1  —  7) 

in  which  n  has  values  varying  with  different  substances  only  between  1.40 

and  1.55. 

In  a  previous  article*  emphasis  was  laid  on  the  remarkable  fact  that 
at  ordinary  temperature  the  form  of  the  functional  relation  between  ioni- 
zation and  concentration  is  the  same  for  salts  of  different  ionic  types. 
These  results  show  that  this  is  also  true  at  high  temperatures,  and,  more- 
over, that  even  the  very  large  variation  of  temperature  here  involved  and 
the  large  consequent  change  in  the  character  of  the  solvent  affect  only 
slightly,  if  at  all,  the  value  of  the  exponent  in  this  purely  empirical  rela- 
tion. Thus  an  additional  confirmation  is  g^ven  to  the  important  conclu- 
sion that  the  form  of  the  concentration-function  is  independent  of  the 
number  of  ions  into  which  the  salt  dissociates.  This  seems  to  show  almost 
conclusively  that  chemical  mass-action  has  no  appreciable  influence  in 
determining  the  equilibrium  between  the  ions  and  the  un-ionized  part  of 
largely  dissociated  substances.  How  complete  this  contradiction  with  the 
mass-action  law  is,  is  seen  when  it  is  recalled  that  for  di-ionic  and  tri-ionic 
salts  this  law  requires  that  the  concentration  of  the  un-ionized  substance 
be  proportional  to  the  square  and  cube,  respectively,  of  the  concentration 
of  the  ions,  while  the  experimental  data  show  that  it  is  proportional  to  the 
f  power  of  that  concentration,  whatever  may  be  the  type  of  salt. 

It  has  also  been  shown  in  the  preceding  articles  (pages  49  and  139) 
that  the  functions  A©  —  A  =  KO  and  A©  —  A  =  K(CA)\  which  contain 
only  two  arbitrary  constants  (A©  and  K)  satisfactorily  express  the  results 
with  potassium  chloride,  sodium  chloride,  hydrochloric  acid,  and  sodium 
hydroxide  at  any  rate  up  to  218**  between  the  concentrations  of  0.1  and 
0.002  or  0.0005  normal.  Since,  however,  the  data  at  still  smaller  concen- 
trations, as  determined  by  Kohlrausch  and  others  at  18**,  do  not  conform 
to  the  requirements  of  these  functions,  they  apparently  do  not  give  by 
extrapolation  a  correct  value  of  Ao,  and  correspondingly  the  ratio  A/A© 

♦Noyes,  The  Physical  Properties  of  Aqueous  Salt  Solutions  in  Relation  to  the 
Ionic  Theory.  Congress  of  Arts  and  Science,  St.  Louis  Exposition,  4,  317  (1904)  ; 
Technology  Quarterly,  17,  300  (1904)  ;  Science,  20,  582  (1904)  ;  abstract  in  Z.  phys. 
Chem.,  52,  635. 
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derived  from  them  is  not  a  true  measure  of  the  ionization.  It  has  therefore 
not  seemed  worth  while  to  make  a  study  of  the  applicability  of  these  func- 
tions to  all  the  substances  investigated. 

The  equivalent  conductance  and  ionization  of  the  slightly  ionized  sub- 
stances, acetic  acid  and  ammonium  hydroxide,  on  the  other  hand,  changes 
with  the  concentration  at  all  temperatures  even  up  to  306°,  in  accordance 
with  the  mass-action  law.  It  is  interesting  to  note  that  phosphoric  acid, 
an  acid  of  moderate  ionization  (60  per  cent  at  18°  and  29  per  cent  at  166' 
at  0.01  normal  concentration),  has  intermediate  values  of  h  (1.8-1.9), 
which,  however,  approach  more  nearly  the  theoretical  value  (2.0)  than 
the  empirical  one. 

In  order  to  show  the  relations  between  degree  of  ionization,  the  charac- 
ter of  the  substances,  and  the  temperature,  the  percentage  ionization  of  all 
the  substances  investigated  at  the  different  temperatures  in  0.08  and  0,01 
normal  solution  is  shown  in  table  141.  The  substances  are  arranged  in  the 
order  in  which  the  ionization  at  18°  decreases.  The  values  in  the  case  of 
sulphuric  acid  show  the  percentage  of  the  total  hydrogen  which  exists  in 
the  form  of  hydrogen-ton,  without  reference  to  whether  it  arises  through 
the  primary  dissociation  into  H*  and  HSOj"  or  the  secondary  one  into  H+ 
and  SO^"  ;  the  values  are  only  approximate  ones  based  on  an  estimate  of 
the  relative  extent  to  which  these  two  stages  in  the  dissociation  have  taken 
place,  as  described  on  page  267.  The  values  for  magnesium  sulphate  are 
only  rough  approximations,  owing  to  its  being  largely  hydrolyzed. 

The  ionization  at  0.08  normal  for  all  of  the  salts  and  for  hydrochloric 
and  nitric  acids  is  also  shown  graphically  in  figure  30. 
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Table  lit.— Percentage  uinisotion. 


hbHUU. 

Co»c(i>- 

,r. 

.».. 

156". 

218P. 

». 

=».,      1 

inilDD. 

b.6i 

0.08 

0.06 

0.O1 

0.0S 

0-01 

0.08 

..„ 

0.08 

HCl 

0.01 
0.08 

B7.1 

93i 

95.0 

8S.7 

93.« 

siJt 

9S.2 

82.5 

.. 

82 

80" 

HNO, 

0.01 
0.08 

96.8 

MJ 

95.S 

89.0 

93.4 

85.3 

75 

■■ 

33" 

NaOH 

0.01 

96.8 

95.7 

04.3 

92 

■■ 

Ka 

0.01 
0,03 

342 

87.3 

91.1 

82'.6 

B9.1 

79'.7 

89.8 

77.3 

,.r. 

84" 

N»a 

0.01 
0.08 

93.6 

85.7 

92.7 

83'i 

92.1 

81.2 

90.2 

77'.7 

m 

30 

83" 

NH.C1 

0.01 

03.7 

93.2 

91.2 

90.1 

79 

AgNO,  .  .  . 

0.01 

0.08 

93.3 

93'.3 

01.8 

8oi 

88.8 

7si 

86.3 

70.8 

'" 

a 

77 

57" 

NH,C,H.O.- 

0.01 

91.9 

88.7 

81.1 

NaC^,0,.  . 

O.OI 
0.03 

91.2 

81.1 

88.8 

77.8 

38.0 

75.6 

32.2 

816 

76 

Ba(OH),  .  . 

0.01 
0.03 

93 

83* 

85 

70" 

85. 

63" 

K.80 

0.01 
O.OS 

87,2 

73.a 

80.3 

54.8 

75 

58" 

63 

45 

ii 

37 

23" 

Ba{NO.)... 

0.01 
O.OS 

86.7 

70.i 

83.6 

ei9 

30 

62" 

74 

53' 

is 

47 

H,80. 

0.01 
0.03 

83 

66" 

5S 

48" 

49 

45 

48 

42" 

35" 

MgSO,.... 

0.01 
0.03 

66.7 

i5.5 

52.4 

31.9 

35 

19* 

13 

7' 

H.PO. .... 

0.01 

0.08 

SO 

31 

42 

lfl.5 

S9.4 

12.S 

H0,H,O,  .  . 

0.01 
0.08 

4.17 

1.50 

3.34 

1.17 

2.26 

0.82 

1.26 

a40 

6.H 

NH,OH  .  .  . 

O.OI 

0.08 

4.0S 

1.45 

3.S0 

2.46 

138 

0.47 

.. 

oil 

As  will  be  seen  from  table  141  the  ionization  steadily  decreases  with 
rising  temperature  in  the  case  of  every  substance  investigated.  To  this 
principle  stated  as  an  entirely  general  one  the  only  exceptions  seem  to  be 
water  itself  up  to  about  870°  and  many  slightly  ionized  acids  and  bases  up 
to  about  40°,  as  illustrated  by  the  ionization-constants  for  acetic  acid  and 
ammonium  hydroxide  tabulated  below ;  but  above  this  temperature,  even 
such  acids  and  bases  also  decrease  steadily  in  ionization.* 

The  decrease  in  ionization  will,  moreover,  be  seen  to  be  nearly  the  same 
for  all  the  largely  ionized  salts  of  the  same  ionic  type,  so  that  such  salts. 
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which  have  roughly  the  same  ionization  at  18*,  arc  also  not  far  from 
equally  ionized  at  much  higher  temperatures.  The  decrease  in  percentage 
ionization  per  ten  degrees  ( —  lO'Ay/At)  at  the  concentration  0.08  normal 
has  for  the  neutral  salts  the  following  average  values : 

Table  142. — Decrease  of  ionigation  with  the  temperature. 


Trp«  oi 
Salt. 

Valaet  of  (-IOIAy/A/)  between 

18°  iB4  100° 

100°  Mi  156° 

156°  in4  218° 

218°  nni  281° 

281°  an4  306° 

Di-ionlc 
Tri-ionlc 

0.32 
0.34 

0.55 
0.04 

0.08 
1.23 

1.00 
2.30 

2.84 
3.20 

Thus  the  rate  of  decrease  in  ionization  is  small  between  18*  and  100* 
for  either  type  of  salt ;  but  it  becomes  greater  at  the  higher  temperatures, 
especially  in  the  case  of  the  tri-ionic  salts ;  and  for  the  highest  temperature- 
interval  (281* -306*)  it  is  extremely  rapid  for  both  types  of  salt.  The 
decrease  in  ionization  of  hydrochloric  acid,  nitric  acid  up  to  166*,  and 
sodium  hydroxide  is  about  the  same  as  that  of  the  di-ionic  salts ;  thus  the 
average  value  of  ( — 10*Ay/A/)  at  0.08  normal  for  hydrochloric  and 
nitric  acids  is  0.38  between  18*  and  100*,  0.63  between  100*  and  156* ; 
and  for  hydrochloric  acid  0.76  between  166*  and  218*.  Between  166*  and 
306*  nitric  acid  decreases  in  ionization  much  more  than  the  other  sub- 
stances of  the  same  type. 

The  physical  property  of  the  solvent  which  is  most  closely  related  to  its 
ionizing  power  is,  as  has  been  shown  by  Thomson  and  by  Nemst,  its  dielec- 
tric constant.  It  is  therefore  of  some  interest  to  compare  its  variation  with 
the  temperature  with  that  of  the  ionization  of  salts.  Unfortunately,  the 
dielectric  constant  of  water  has  been  determined  only  between  0*  and  76*. 
Drude*  has,  however,  derived  for  this  interval  a  quadratic  equation,  from 
which  a  value  at  100*  may  be  calculated,  probably  without  great  error. 
The  values  of  the*  dielectric  constant  obtained  from  this  equation  are  81.3 
at  18*  and  68.1  at  100*,  and  the  ratio  of  these  is  1.40. 

The  question  now  arises,  what  function  of  the  ionization  should  be  com- 
pared with  this?    It  seems  clear  that,  from  a  theoretical  standpoint,  it  is 

simplest  to  consider  the  ratio  J^ ^  of  the  concentrations  of  un-ion- 

w(i— yi) 

ized  salt  which  prevail  in  solutions  that  at  the  two  temperatures  (/^  and  t^) 
have  the  same  concentration  of  the  ions  (that  is,  solutions  for  which 
Cjy,  =  CiVi)  ;  for  in  such  solutions  the  electric  force  between  the  ions,  and 
therefore  their  tendency  to  unite  to  form  un-ionized  molecules,  in  so  far 
as  this  has  an  electrical  origin,  must  be  inversely  proportional  to  the  dielec- 

*Wied.  Ann.  Phys.,  59,  50  (1896). 
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trie  constant.    The  above  ratio  is  evidently  equivalent,  since  Cay,  =  C^yi* 

(1  y     )/y 

to  the  ratio  7:; i  ,     ,  where,  however,  y,  and  y-  refer  to  the  slightly 

(1— yi)/y* 

different  concentrations  C^  and  C,  (C,  being  equal  to  Ciyi/yi)- 

Now  for  the  four  uni-univalent  salts  given  in  table  141  the  mean  values 
of  the  percentage  ionization  at  0.08  normal  is  84.4  at  18*"  and  80.9  at  100"*, 
or  by  interpolation,  80.6  at  100**  at  0.08  X  1.042  normal  (that  is,  at 
C^yi/y,)  ;  whence  the  value  of  the  ratio  just  referred  to  is  found  to  be  1.30. 
The  value  of  the  corresponding  ratio  for  the  two  tri-ionic  salts  at  0.08  nor- 
mal is  in  the  same  way  found  to  be  1.38."*^  While  the  former  of  these 
values  differs  considerably  from  the  ratio  (1.40)  of  the  dielectric  constants, 
yet  all  the  values  lie  in  the  same  neighborhood.  Indeed,  the  agreement  is 
as  close  as  could  be  expected  considering  the  character  of  the  data  involved. 
Finally,  even  though  it  seems  theoretically  to  correspond  to  a  less  com- 
parable condition  in  the  solution,  yet,  in  view  of  the  valence  principle  dis- 
cussed just  below,  it  is  of  interest  to  note  the  values  of  the  simpler  ratio, 

•prrz ^v  of  the  concentrations  of  the  un-ionized  substance  at  two  tem- 

C^(l  — yj 

peratures  at  the  same  total  concentration,  instead  of  the  same  ion-concen- 
tration. At  0.08  the  value  of  this  ratio  for  100718**  is  1.22  for  the  four 
uni-univalent,  and  1.21  for  the  two  uni-bivalent  salts,  thus  considerably 
less  than  the  ratio  of  the  dielectric-constants. 

The  degree  of  ionization  of  the  different  substances  may  be  next  con- 
sidered in  relation  to  the  ionic  type  to  which  they  belong  and  to  their  chem- 
ical nature.  It  has  already  been  pointed  out  that  even  up  to  the  highest 
temperatures  neutral  salts  of  the  same  ionic  type  have  roughly  the  same 
percentage  ionization,  the  differences  not  exceeding  8  per  cent  in  any  case 
investigated.  The  strong  acids,  hydrochloric  acid  and  (up  to  156**)  nitric 
acid,  and  the  strong  bases,  sodium  and  barium  hydroxides,  also  conform  in 
a  general  way  to  this  principle,  though  their  ionization  seems  to  be  several 
per  cent  greater  than  that  of  the  corresponding  salts ;  it  is  worthy  of  men- 
tion, however,  that  this  greater  value  may  be  due  to  an  increase  in  the 
equivalent  conductance  of  the  hydrogen-ion  or  hydroxide-ion  with  the 
concentration  of  the  solute,  as  is  indicated  to  be  the  case  by  the  transfer- 
ence results  with  these  acids  presented  in  Part  XI  and  again  referred  to 
below. 

It  is  also  remarkable  that  the  rough  proportionality  which  had  previ- 
ously been  shown  to  exist  at  ordinary  temperaturesf  between  the  un-ion- 

♦The  mean  values  of  the  percentage  ionization  for  these  two  salts  at  0.08  normal 
are  71.7  at  18**  and  65.8  at  100%  or  by  interpolation  64.8  at  100**  at  0.08  X  109  normal. 

tFor  a  discussion  of  this  principle,  see  the  author's  article  on  The  Physical  Prop- 
erties of  Aqueous  Salt  Solutions. .. .,  he.  cit. 
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ized  fraction  of  a  salt  at  any  concentration  and  the  product  of  the  valences 
of  its  ions  has  now  been  proved  by  the  measurements  of  Noyes  and  Mel- 
cher  to  persist  up  to  the  highest  temperatures,  where  the  degree  of  ioniza- 
tion has  become  much  less.  This  is  shown  by  the  following  summary, 
which  is  a  reproduction  of  table  29  on  page  110.  Under  A  are  given  the 
mean  values  of  the  percentage  of  un-ionized  salt,  100(1 — y),  for  the 
neutral  salts  of  each  type  at  the  concentration  0.04  molal  and  for  the  uni- 
univalent  salts  at  0.08  molal ;  and  under  B  are  given  the  ratios  of  these 
values  to  the  product  of  the  valences  (vjVi)  of  the  ions. 
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It  will  be  seen  that  the  principle  continues  to  hold,  especially  when  the 
comparison  is  made  at  the  same  equivalent  concentration,  even  when  the 
ionization  has  become  very  small ;  thus  it  is  only  26  per  cent  for  the  uni- 
bivalent  salts  at  306°  and  only  7  per  cent  for  the  bibivalent  salt  (magne- 
sium sulphate)  at  218°. 

The  ionization  tendencies  of  phosphoric  acid,acetic  acid,  and  ammonium 
hydroxide,  and  the  effect  of  temperature  on  them  are  best  shown  by 
the  summary  of  their  ionization-constants  which  is  given  in  table  143.* 
The  values  for  phosphoric  acid  were  determined  by  Noyes  and  Eastman 
(see  page  269),  those  for  acetic  acid  by  Noyes  and  Cooper  (page  142) 
and  by  Sosman  (page  228) ;  and  those  for  ammonium  hydroxide  were 
determined  by  Noyes  and  Kato  (page  178),  by  Sosman  (page  228), 
and  by  Kanolt  (page  290).  The  concentration  involved  in  the  constant 
is  expressed  in  equivalents  per  liter,  and  the  constants  themselves  have 
been  multiplied  by  10'. 

It  is  evident  from  these  results  that  the  ionization-constant  for  ammo- 
nium hydroxide  increases  considerably  in  passing  from  0°  to  18°,  then 
remains  nearly  constant  up  to  SO",  and  finally  decreases  with  increasing 
rapidity  as  higher  temperatures  are  reached,  attaining  at  306°  a  value 
which  is  only  about  one-two- hundredth  of  that  at  18° ;  and  that  at  all 
temperatures  the  values  for  acetic  acid  are  not  very  different  from  those 

*In  the  case  of  phosphoric  acid  the  values  vary  considerably  with  the  concentration 
in  correspondence  with  the  fact  (hat  the  exponent  in  the  concentration- function  was 
found  to  be  1.6  -  1.9  instead  of  2  as  required  by  the  mass-action  law.  The  values 
here  pven  are  those  at  the  concentration  0.05  fonnula- weights  (HtPO.)  per  liter. 
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Table  143. — lonigation-constants  of  phosphoric  acid,  acetic  acid,   and  ammonium 

hydroxide. 


Temperiture. 

PhoflphoHc 
icid. 

i 

Acetic  acid. 

i 

1 

Amflwninni 
hydroxide. 

i 

0 

•  •  •  • 

1 

•  •  •  • 

13.0 

0 

10400 

18.2 

17.2 

25 

0400 

1 

•  •  •  • 

18.0 

50 

7000 

•  •  •  • 

18.1 

1             75 

4800 

•  •  •  • 

16.4 

100 

3400 

11.1 

13.5 

125 

•  •  •  • 

• .  •  • 

10.4 

128 

2230 

1 

.  •  •  • 

•  •  •  • 

156 

1420 

5.42 

6.28 

218 

•  •  •  • 

1.72 

1.80 

1           306 

•  •  •  • 

0.139 

0.093      j 

for  ammonium  hydroxide.  Phosphoric  acid  is  seen  to  have  a  much  larger 
ionization,  which,  however,  decreases  steadily  and  very  rapidly  with  rising 
temperature. 

The  interpretation  of  the  results  obtained  with  sulphuric  acid  is  com- 
plicated by  the  fact  that  the  ionization  doubtless  takes  place  in  two 
stages;  but  a  method  has  been  described  on  pages  271-3  by  which  it 
is  possible  to  determine  the  hydrogen-ion  concentration  within  fairly  nar- 
row limits  from  the  conductance  alone,  without  knowledge  of  the  extent 
to  which  the  separate  stages  occur.  The  method  is  of  general  applica- 
tion to  dibasic  acids ;  and,  if  the  ionization-constant  for  the  first  hydrogen 
be  known,  as  is  true  with  many  of  the  organic  acids,  the  method  could  be 
used  for  computing  that  of  the  second  hydrogen  from  the  conductance  at 
high  dilutions  where  the  secondary  ionization  is  appreciable.  The  ratio 
of  the  hydrogen-ion  to  the  total  hydrogen  in  the  case  of  sulphuric  acid 
is  thus  found  to  vary  in  0.08  normal  solution  from  about  66  per  cent  at 
18"  to  48  at  100"  and  35  at  306°. 

Similar  calculations  of  the  hydrogen-ion  concentrations  have  been  made 
in  the  case  of  potassium  hydrogen  sulphate.  These  show  that  in  0.1  molal 
solution  at  156"  the  hydrogen-ion  concentration  is  not  more  than  3  per 
cent;  and  this  justifies  the  conclusion  that  the  secondary  ionization  of 
sulphuric  acid  (into  hydrogen-ion  and  sulphate-ion)  in  its  own  moderately 
concentrated  solutions  is  also  insignificant  at  this  temperature  and  higher 
temperatures.  Interpreted  with  the  help  of  this  conclusion  the  con- 
ductivity data  for  the  acid  show  that  the  primary  dissociation  (into 
hydrogen-ion  and  hydrosulphate-ion)  is  about  the  same  as  that  of  hydro- 
chloric acid  at  temperatures  between  100"  and  306" ;  and  it  is  reasonable  to 
suppose  that  the  same  is  true  at  lower  temperatures  down  to  18". 
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With  the  help  of  this  principle  the  ionization  of  the  hydrosulphate-ion 
at  18**,  lOO"",  and  ISG""  in  the  solutions  both  of  the  acid  and  acid  salt 
has  been  computed;  the  final  results  will  be  found  in  tables  118  and  119 
on  pages  274  and  276.  This  ionization  is  thus  found  to  be  large  at  18* ; 
but  it  decreases  very  rapidly  with  the  temperature.  Thus  in  a  0.1  molal 
potassium  hydrogen  sulphate  solution  equal  quantities  of  sulphate-ion 
and  hydrosulphate-ion  are  present  at  18° ;  while  at  100*  there  is  only  15 
per  cent,  and  at  166*  only  4  per  cent,  as  much  sulphate-ion  as  hydro- 
sulphate-ion in  the  solution. 

Only  rough  values  of  the  ionization-constant  of  the  hydrosulphate-ion 
into  hydrogen-ion  and  sulphate-ion  can  be  given,  since  they  vary  very 
much  with  the  concentration;  some  idea  of  its  magnitude  is  furnished 
by  the  following  values  which  hold  at  about  0.01  molal  (or  0.002'  molal 
at  156*)  ;  18600  X  lO"*  at  18*,  1220  X  lO"*  at  100*,  and  116  X  10-« 
at  156*,  whereas  the  ionization-constant  for  acetic  acid  at  18*  is  18  X  10"*. 
From  the  change  of  the  ionization-constant  witfi  the  temperature,  the 
heat  absorbed  (A[7)  by  the  reaction  HSO4"  =  H*  +  SO^^"  has  been 
found  to  be  given  by  the  expression:  A[7=  14,170  —  65  T,  where  T 
represents  the  absolute  temperature.  From  this  it  follows  that  the  value 
at  18*  is  — 4750  calories,  and  at  100*,  — 10,070  calories,  while  from 
Thomsen's  heat-of-neutralization  measurements  and  our  ionization  data 
at  18*  the  value  —  5020  calories  is  derived. 

In  addition  to  the  measurements  with  unhydrolyzed  salts  just  dis- 
cussed there  have  been  presented  in  the  preceding  Parts  of  this  publica- 
tion measurements  of  the  conductance  of  certain  salts  of  weak  acids  or 
bases  both  in  water  alone  and  in  the  presence  of  an  excess  of  the  acid  or 
base.  Various  methods  of  calculating  the  hydrolysis  from  the  change  in 
conductance  produced  by  the  acid  or  base  have  been  described  (see 
pages  143,  186,  and  230)  ;  and  values  of  the  hydrolysis  of  the  salts  in  ques- 
tion have  been  obtained.  From  these,  by  combination  with  the  ionization- 
constants  of  the  acid  and  base,  the  ionization  of  water  has  been  calculated. 
The  salts  so  investigated  are  sodium  acetate  at  218*  by  A.  A.  Noyes  and 
H.  C.  Cooper;  ammonium  acetate  at  100**,  156*,  218*,  and  306*  by  A.  A. 
Noyes  and  Yogoro  Kato  and  by  R.  B.  Sosman;  and  the  ammonium 
salt  of  diketotetrahydrothiazole,  a  very  slightly  ionized  organic  acid,  at 
0"*,  18*,  and  25*  by  C.  W.  Kanolt.  The  final  conductance  results  will 
be  found  on  pages  186,  188,  233  and  295. 

Table  144  contains  a  summary  of  the  computed  values  of  the  per- 
centage hydrolysis  of  ammonium  acetate  in  0.01  normal  solution,  of  the 
ionization-constant  of  water  (defined  by  the  equation  iiCw  =  Ch.Coh), 
and  of  the  concentration  (Ch  or  Con)  of  the  hydrogen-ion  or  hydroxide- 
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ion  in  pure  water  in  equivalents  per  liter.  (The  value  for  ammonium 
acetate  at  18"*  is  not  based  on  direct  measurements,  but  is  calculated  from 
the  results  of  Kanolt  with  the  ammonium  salt  of  diketotetrahydrothiazole.) 

Table  144. — Hydrolysis  of  ammonium  acetate  and  ionization  of  water. 


Hydrolysis  of 

Ionization- 

Hydrogen-ion 

Tanperiture. 

tmmoninm 

constant  of 

concentration  in 

acetate. 

water. 

pare  water. 

/ 

lOOA 

K^  X  lo" 

C„  X  10^ 

0 

•  •  •  • 

0.089 

0.30 

18 

(0.35) 

0.46 

0.68 

25 

.  • .  • 

0.82 

0.91 

100 

4.8 

48. 

6.9 

156 

18.6 

223. 

14.9 

218 

52.7 

461. 

21.5 

306 

91.5 

168. 

13.0 

It  will  be  seen  that  the  hydrogen-ion  concentration  in  pure  water 
increases  with  extraordinary  rapidity  between  0**  and  100°;  namely,  by 
about  3  fold  between  0"  and  25**  and  7J4  fold  between  25**  and  100". 
Between  the  latter  temperature  and  218**  the  ionization  increases  more 
slowly,  afterwards  passes  through  a  maximum  (which  appears  to  lie 
between  260°  and  276°),  and  finally  decreases.  When  it  is  considered 
that  the  ionization  of  weak  acids  and  bases,  as  shown  by  the  data  for 
ammonium  hydroxide,  acetic  acid,  and  phosphoric  acid,  decreases  rapidly 
with  rising  temperature,  and  that  this  acts  in  the  same  direction  in 
increasing  the  hydrolysis  of  salts  as  does  an  increase  in  the  ionization  of 
water,  it  will  be  evident  that  the  tendency  of  salts  to  hydrolyze  is  enor- 
mously greater  at  high  temperatures,  as  is  well  illustrated  by  the  values 
given  for  ammonium  acetate. 

The  great  increase  in  hydrolysis  is  also  exemplified  by  the  hydrolysis 
values  for  sodium  acetate  and  ammonium  chloride  in  0.01  normal  solution 
that  can  be  calculated  from  the  preceding  data;  these  salts,  which  at  18° 
are  0.0'^  per  cent  hydrolyzed,  are  found  to  be  1.(5  per  cent  at  218°  and 
3.4  to  4.1  per  cent  hydrolyzed  at  30G°. 

The  fact  also  deserves  mention  that  the  values  of  the  concentration  of 
the  hydrogen-ion  in  water  at  0°,  18°,  and  25°  as  derived  from  these 
hydrolysis  experiments  are  only  16  to  20  per  cent  lower  than  those  obtained 
directly  by  Kohlrausch  and  Heydweiller*  from  the  conductance  of  their 
purest  water;  thus  proving  that  the  ionization-constant  of  water  is  at 
any  rate  roughly  the  same  when  it  is  pure  as  when  an  ionized  salt  is 
present  in  it  at  a  concentration  of  0.02  to  0.05  normal. 

♦Z.  phys.  Chem.,  14,  330  (1894). 
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From  these  lonization-constants  (ATw)  approximate  values  of  the 
intcmal-energy-increase  At/  attending  the  reaction  H^O  =  H*  +  OH" 
(the  so-called  heat  of  ionization)  can  be  computed  by  the  familiar  equa- 

cflogKw  AC/ 

tion*  derived  from  the  Second  Law  of  Energetics: — -z^ =  -== 

This  is  best  done  by  integrating  it  under  the  assumption  that  AJ7  is  a 
linear  function  of  the  temperature  as  expressed  by  the  equation  A(7  = 
AC/o  +  oRT.    The  integral  then  has  the  form : 

From  the  values  of  the  ionization-constant  K  at  0°,  2^6',  and  100*,  the 
values  of  the  constants  Al7o  and  a  have  been  found  to  be  28460  and 
—  24.923,  respectively.  Therefore,  the  general  equation  for  the  energy- 
increase  attending  the  ionization  becomes : 

Af/  =  28460  —  49.6  T, 
and  that  for  the  ionization-constant  becomes: 

logio(10"/C)  =  84.460  —  —^  —  24.923  log^o  T. 

The  values  of  the  energy-increase  in  calories  and  of  the  ionization-constant 
of  water  as  calculated  by  these  expressions  are  given  in  table  145. 

*This  equation  ceases  to  be  even  approximately  exact  at  high  temperatures  where 
the  vapor-pressure  of  water  becomes  very  large.  The  exact  expression,  which  may 
be  denved  through  the  consideration  of  an  appropriate  cyclical  process,  is  as  follows : 

where  ^U  is  the  energy-increase  and  AF  is  the  volume-increase  that  attends  the 
ionization  of  one  mol  of  water  under  the  pressure  p  —  P,  which  is  substantially  identi- 
cal with  the  vapor-pressure  p,  since  the  osmotic  pressure  P  is  in  this  case  negligible 
in  comparison.  Approximate  values  of  ^V  up  to  140°  have  been  computed  by 
Tammann  (Z.  phys.  Qiem.,  16,  144.  1894)  which  show  it  to  be  equal  to  alK>ut  — 26 
ccm.  at  140° ;  and  since  it  is  shown  to  be  increasing  at  a  rate  roughly  proportional 
to  the  compressibility  of  water,  it  probably  has  a  value  in  the  neighborhood  of  —  40 
c.  cm.  at  218*^.  Assuming  this  to  be  the  case,  the  last  term  in  the  above  equation  can. 
with  the  heljp  of  the  existing  vapor-pressure  data,  be  shown  to  have  a  value  of  about 
— 170  calories  at  218**,  while  the  value  of  Af/  as  computed  by  the  linear  equation  is 
4155  at  218°.  Thus  at  temperatures  above  200°  this  last  term  begins  to  form  a  sub- 
stantial part  of  the  whole. 
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Tabu  145. — Intemal-energy-increase  attending  the  ionisation  of  water  and  its  ionita- 

tioH'Constant  calculated  by  an  empirical  equation. 


Temperature. 

Enercr-increate 
AC/ 

lonizadon-conatant 

A"  X  10". 

1 

0 

14950 

0.088 

18 

14055 

0.46 

25 

13710 

0.81 

50 

12470 

4.5 

75 

11230 

16.9 

100 

0995 

48. 

128 

8610 

114. 

156 

7225 

217. 

218 

(4155) 

(512) 

These  values  of  the  ionization-constant  at  0**,  25**,  and  100°  necessarily 
agree  with  the  directly  determined  ones  given  in  table  144.  It  is  of  inter- 
est to  note,  however,  that  this  is  also  true  of  the  calculated  value  at  156**, 
which  shows  that  up  to  this  temperature  the  assumed  equations  hold  true, 
and  that  therefore  the  values  interpolated  for  the  intermediate  tempera- 
tures between  0°  and  156**  are  doubtless  substantially  correct.  Even  at 
218**  the  diflFerence  between  the  observed  and  calculated  values  (461  and 
512),  though  doubtless  real,  is  not  very  large;  it  lies  in  such  a  direction 
as  to  indicate  that  the  energy-change  A  [7  is  decreasing  at  a  more  rapid 
rate  at  temperatures  above  156°  than  at  the  temperatures  below  it. 

This  is  also  shown  by  the  fact  that  the  ionization-constant  at  306° 
is  much  less  than  at  218°,  while  according  to  the  linear  equation  the  value 
of  AC/  should  become  zero,  and  therefore  that  of  the  ionization-constant 
K  should  become  a  maximum,  very  near  the  former  temperature,  namely, 
at  302**.  The  real  maximum  value  of  the  constant  seems  to  lie  between 
250**  and  275°.  Above  this  temperature  Af/  assumes  a  negative  value; 
and  therefore  the  neutralization  of  completely  ionized  acids  and  bases 
would  be  attended  by  an  absorption  of  heat. 

It  may  also  be  mentioned  that  at  the  lower  temperatures,  the  calculated 
values  agree  well  with  the  heats  of  neutralization  directly  measured  by 
W6rmann,f  who  found  for  hydrochloric  and  nitric  acids  when  neutralized 
with  potassium  and  sodium  hydroxides  as  mean  values  14,710  calories 
at  0°  and  13,410  calories  at  25°. 

It  seems  worth  while  to  call  attention  to  a  possible  theoretical  explana- 
tion of  the  fact  that  water,  unlike  all  other  substances  thus  far  investi- 
gated, continues  to  increase  in  ionization  up  to  so  high  a  temperature  as 
250°  to  275°.    This  phenomenon  may  well  arise  from  the  facts  that  water 

tDrude's  Ann.  Phys.,  18,  793  (1905). 
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at  low  temperatures  is  a  highly  associated  liquid  containing  only  a  small 
proportion  of  H^O  molecules,  and  that  this  proportion  increases  rapidly 
with  rising  temperature.  Therefore,  even  though  the  fraction  of  HjO 
molecules  dissociated  into  H*  and  OH"  ions  may  decrease  steadily,  yet 
the  actual  concentration  of  these  ions  continues  to  increase  until  a  large 
proportion  of  the  complex  water  molecules  have  been  depolymerized. 
This  explanation  was  suggested  by  Dr.  H.  T.  Kalmus  of  this  laboratory. 

Among  the  other  results  of  these  investigations,  it  deserves  to  be 
mentioned  that,  incidentally  to  the  conductivity  determinations,  the  specific 
volume  of  several  solutions  at  218*",  281°,  and  306°  was  measured.  That 
of  the  0.002  normal  solutions  which  can  be  regarded  as  identical  with  that 
of  pure  water,  was  found  to  be  1.187  at  218%  1.337  at  281°,  and  1.437  at 
306°.  By  interpolating  graphically  from  these  results  the  value  1.306  is 
obtained  for  270°.  Ramsay  and  Young*  found  1.188  at  218°  and  1.300  at 
270°,  the  highest  temperature  to  which  their  measurements  extended. 

In  addition  to  the  conductivity  researches  at  high  temperatures,  an 
investigation  made  by  A.  A.  Noyes  and  Y.  Kato  of  the  ion-transference 
attending  the  electrolysis  of  solutions  of  hydrochloric  and  nitric  acids  at 
20°  has  been  described  in  this  publication  (in  Part  XI).  The  investiga- 
tion was  along  the  same  lines  as  the  one  previously  described  by  Noyes 
and  Sammet.t  Its  main  object  was  to  determine  what  the  value  of  the 
equivalent  conductance  of  hydrogen-ion  is  and  whether  it  varies  to  an 
important  extent  with  the  concentration. 

The  results  will  be  found  summarized  in  the  table  on  page  327.  It  will 
be  seen  that  the  transference  number  of  the  anion  in  both  nitric  acid 
and  hydrochloric  acid  decreases  greatly  as  the  concentration  increases, 
and  by  a  corresponding  amount  for  the  two  acids  up  to  0.02  normal. 
This  fact  strongly  indicates  that  hydrogen-ion,  unlike  the  ions  of  neutral 
salts,  increases  in  equivalent  conductance  or  specific  migration-velocity 
with  increasing  concentration,  the  magnitude  of  the  increase  being  nearly 
five  per  cent  between  zero  concentration  and  0.02  normal.  In  deriving 
from  conductivity  data  ionization  values  for  largely  ionized  acids,  it 
seems,  therefore,  most  appropriate  to  divide  the  equivalent  conductance 
at  the  concentration  in  question,  not  as  usual  by  the  equivalent  con- 
ductance extrapolated  for  zero  concentration,  but  by  a  value  obtained 
by  adding  to  the  equivalent  conductance  of  the  anion  that  of  the  hydrogen- 
ion  as  derived  from  transference  experiments  at  the  same  concentration. 
It  is  of  interest  to  note  that  when  this  is  done  for  hydrochloric  and 
nitric  acids  at  20°  their  ionization  is  found  to  be  nearly  the  same  as  that 

♦Phil.  Trans.   (A),  183,  109  (1882). 

tj.  Am.  Chem.  Soc.,  24,  958;  25,  167  (1902-3)  ;  Z.  phys.  Chem.,  43,  63  (1903). 
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of  neutral  salts  of  the  same  ionic  type  instead  of  being  several  per  cent 
larger  as  is  the  conductance-ratio  A/A©  taken  in  the  usual  way. 

Reference  may  also  be  made  to  the  measurements  of  Dr.  Wilhelm 
Bottger,  presented  in  Part  X,  of  the  solubility  of  some  difficultly  soluble 
salts.  This  constitutes  only  the  beginning  of  a  more  extended  investiga- 
tion of  the  solubility  of  substances  at  high  temperatures  by  means  of  con- 
ductance measurements.  Results  have  thus  far  been  obtained  at  lOO"" 
with  silver  chloride,  bromide,  and  sulphocyanate,  whose  solubilities 
expressed  in  equivalents  per  million  liters  at  100**  and  20°  have  been 
found  to  be  as  follows: 


Temper- 
ature. 

AkCI 

AfSCN 

AgBt 

100 

20 

Ratio 

153 
10.8 
14 

39 
0.83 
46 

20 

0.5 
40 

In  the  preceding  pages  have  been  summarized  the  generalizations  to 
be  drawn  from  the  results  of  these  investigations,  in  regard  to  the  beha- 
vior of  the  various  types  of  chemical  substances  in  aqueous  solutions 
through  a  wide  range  of  temperature.  In  conclusion,  it  seems,  however, 
desirable  to  draw  attention  again  to  a  theoretical  principle  of  even  more 
general  import,  which  has  been  already  presented  in  a  previous  article 
by  the  author  as  a  conclusion  apparently  justified  by  a  study  of  the 
then  existing  data;  for  this  principle  has  now  received  a  further  con- 
firmation through  the  demonstration  of  the  fact  that  certain  purely 
empirical  laws  relating  to  the  ionization  of  salts  in  water  still  continue 
to  be  valid,  even  when  the  physical  condition  of  that  solvent  is  greatly 
altered  by  a  large  change  in  its  temperature.  This  principle  is  that  the 
ionization  of  salts,  strong  acids,  and  bases  is  a  phenomenon  primarily 
determined  not  by  specific  chemical  affinities,  but  by  electrical  forces  aris- 
ing from  the  charges  on  the  ions;  that  it  is  not  affected  (except  in  a 
secondary  degree)  by  chemical  mass-action,  but  is  regulated  by  certain 
general,  comparatively  simple  laws,  fairly  well  established  empirically, 
but  of  unknown  theoretical  significance;  and  that,  therefore,  it  is  a 
phenomenon  quite  distinct  in  almost  all  its  aspects  from  the  phenomenon 
of  dissociation  ordinarily  exhibited  by  chemical  substances,  including 
that  of  the  ionization  of  weak  acids  and  bases. 

The  most  important  facts  leading  to  this  conclusion  are  the  approxi- 
mate identity  of  the  ionization-values  for  salts  of  the  same  ionic  type; 
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the  existence  of  a  simple  approximate  relation  between  the  value  of  the 
un-ionized  fraction  and  the  product  of  the  valences  of  the  ions ;  the  small 
effect  of  temperature  on  the  ionization  of  salts  and  a  parallelism  between 
the  magnitude  of  that  effect  and  the  effect  upon  the  dielectric  constant 
of  water;  the  validity  of  an  exponential  relation  between  ionization  and 
concentration,  which  differs  from  that  required  by  the  mass-action,  and 
which  is  approximately  the  same  at  all  temperatures  and  for  different 
ionic  types  of  salts;  and  the  fact  that  the  optical  properties  and  other 
similar  properties  of  dissolved  salts  (when  referred  to  equal  molal  quan- 
tities) is  independent  of  this  concentration  and  therefore  of  their  ioniza- 
tion, so  long  as  the  solution  is  even  moderately  dilute. 

The  molecular  explanation  of  these  facts  and  the  more  general  con- 
clusions drawn  from  them  would  seem  to  be  that  primarily  the  ions  are 
united  somewhat  loosely  in  virtue  of  their  electrical  attraction  to  form 
molecules,  the  constituents  of  which  still  retain  their  electric  charges  and 
therefore  to  a  great  extent  their  characteristic  power  of  producing  optical 
effects  and  such  other  effects  as  are  not  dependent  on  their  existence  as 
separate  aggregates.  Secondly,  the  ions  may  unite  in  a  more  intimate 
way  to  form  ordinary  uncharged  molecules,  whose  constituents  have  com- 
pletely lost  their  identity  and  original  characteristics.  These  two  kinds 
of  molecules  may  be  designated  electrical  molecules  and  chemical  mole- 
cules, respectively,  in  correspondence  with  the  character  of  the  forces 
which  are  assumed  to  give  rise  to  them.  Now  in  the  case  of  salts  and 
most  of  the  inorganic  acids  and  bases,  the  tendency  to  form  chemical 
molecules  is  comparatively  slight,  so  that  the  neutral  electrical  molecules 
greatly  predominate.  On  the  other  hand,  in  the  case  of  most  of  the 
organic  acids,  the  tendency  to  form  chemical  molecules  is  very  much 
greater,  so  that  as  a  rule  these  predominate.  The  facts,  moreover,  indi- 
cate that  chemical  molecules  are  formed  from  the  ions  in  accordance  with 
the  principle  of  mass-action,*  but  that  electrical  molecules  are  formed  in 
accordance  with  an  entirely  distinct  principle,  whose  theoretical  basis  is 
not  understood. 

It  is  to  be  expected  that  with  neither  class  of  substances  will  the  pre- 
dominating type  of  molecule  be  alone  present ;  and  that  minor  deviations 
from  the  mass-action  law  in  the  case  of  moderately  ionized  substances, 

♦The  best  evidence  of  this  is  that  furnished  by  the  change  of  the  conductivity  of 
slightly  ionized  electrolytes  with  the  concentration;  but  distribution  experiments  also 
indicate  it.  Thus  it  is  probable  that  as  a  rule  the  chemical  molecules  alone  distribute 
into  the  gaseous  phase  or  into  organic  solvents  and  that  therefore  the  concentration 
of  the  substance  m  such  phases  is  a  measure  of  the  concentration  of  those  molecules 
in  the  aqueous  solution;  and  the  few  experiments  thus  far  published  indicate  that 
the  latter  is  at  least  approximately  proportional  to  the  product  of  the  concentrations 
of  the  ions.  (Compare  the  experiments  on  picric  acid  by  Rothmund  and  Drucker, 
Z.  phys.  Chem.,  46,  826.    1903.) 
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and  from  the  usual  empirical  law  in  the  case  of  largely  ionized  substances, 
may  well  arise  from  the  presence  of  a  small  proportion  of  molecules  of  the 
other  type.  In  the  former  case,  we  may  indeed  with  some  confidence 
predict  quantitatively  that  that  proportion  of  electrical  molecules  will 
always  be  present  which  corresponds  for  the  type  of  sul^stance  in  question 
to  the  concentration  of  its  ions  in  the  solution. 
i  A  fuller  experimental  investigation  of  the  properties  of  dissolved  salts, 

especially  of  those  of  polyionic  types,  and  of  the  phenomena  of  the  solu- 
bility effect  and  the  distribution  into  a  gaseous  or  another  liquid  phase 
of  ionizing  substances,  if  combined  with  a  thorough  and  persistent  study 
I  of  all  the  available  data,  gives  promise  of  suggesting  a  fuller  theoretical 

I  explanation  of  this  remarkable  behavior  of  largely  ionized  substances  in 

I  aqueous  solution.    Even  if  such  a  theoretical  interpretation  should  not  be 

!  discovered,  one  may  at  least  hope  to  determine  with  greater  accuracy  and 

I  certainty  the  laws  of  the  equilibrium  between  the  ions  and  un-ionized  mole- 

i  cules,  and  between  the  two  forms  of  the  latter,  in  case  their  existence  shall 

j  be  more  fully  substantiated.    It  is  my  conviction  that  at  any  rate  we  have 

I  here  to  deal  with  a  new  kind  of  equilibrium  phenomenon,  and  not  simply 

.  with  some  deviation  of  a  secondary  nature,  arising,  for  example  from  a 

,  somewhat  abnormal  osmotic  pressure,  or  a  change  in  the  migration  veloci- 

ties of  the  ions,  as  has  been  assumed  by  most  authors. 


In  conclusion  I  desire  to  express  to  the  authorities  of  the  Carnegie 
Institution  my  great  indebtedness  for  the  assistance  rendered  me  in  the 
prosecution  of  these  researches;  for  without  such  aid  the  progress  made 
would  have  been  discouragingly  slow. 

Research  Laboratory  of  Physical  Chemistry, 
Massachusetts  Institute  of  Techn'ology, 
Boston,  June,  1907. 
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